
it^'iJ'*v!«*i<,-*T*^''*^Jw#4^,'*{'''«''' • ••'• " • ' • ^ ! ' ' ' ^ ' ' ^ T ' ' ^ ^ ^ ^ - ' - - ' ^ ' ^ y " ^ ^ ^ ^ S & ! ^ ^ t t i i l - ? i s S i ^ 

Mineral. Deposita (Berl.) 9, 339-356 (1974) 
Q by Springet-'Verlag 1974 

RESEASiCi m u m 
EARTH s m i m i 

U—Th—Pb Isotope Systematics Related to Igneous Rocks 
and Ore Pb, Mount Isa, Queensland 

R. B. FARQUHARSON 

University of Calgary, Calgary, Alberta, Canada 

J. R. RICHARDS 

Research School of Earth Sciences, Australian National University, Canberra, A.C.T., Australia 

This study is a search for a genetic relationship between Pb sulphide ore 
and igneous rocks in the region of Mount Isa, Queensland. The approach 
involves derivation of Pb isotope initial ratios by the whole-rock isochron 
method, and comparison of the initial ratios (Pb2oe/pb20'i, Pb^o'/Pb^"'' and 
Plj208^pi3204) i.v'nh the isotopic composition of the ore Pb, Data are reported 
for four igneous units; fCalkadoon granodiorite, Kalkadoon adamellite, 
Sybelia granite and Eastern Creek volcanics. The results display considerable 
scatter for each of the units, and reveal the effects of recent surficial loss of U, 
The positioning of isochrons is aided by previous Rb—Sr geochronological 
data wherever possible. Comparison of iniu'al ratios and ore Pb suggests 
that none of the igneous rock units is co-genetic with the ore deposit. Both 
phases of the Sybella Granite arc more radiogenic and are apparently younger 
than the ore Pb. The Kalkadoon Granite is possibly related to the ore through 
some post-emplacement process of extraction and transport of Pb (e.g. by 
erosion or by anatectic magma generation) to the present site of the orebodies. 

Introduction 

Over the years the lead-zinc-silver mineraliza-
idon at Mount Isa, Queensland, has supported 
considerable geological enquiry and contro
versy over such matters as mode of origin, 
source of metals, and time of mineralization. 
KNIGHT (1953), FISHER (1960), MURRAY (1961), 
HEWETT and SOLOMON (1964) and BENNETT 

(1965) typify the consensus which holds that 
the orebodies arc syngenetic. If this is true, the 

l^iuestion of time of the mineralization converts 
to one of stratigraphy, and as such is actively 
being pursued by a number of workers. 
The source of the metals is an elusive problem 
*hich has been attacked largely through 
conjecture based on geological inferences and 
temporal variations in philosophy In a search 
tot measurable constraints, we find some poten

tial in Pb isotopes used as geochemical tracers. 
An isotopic match between Pb-in-ore and the 
Pb of a geologically suitable source unit lends 
credence to a proposed relationship. Conversely 
and perhaps more strongly, an isotopic mis
match contributes by the process of elimination 
to a narrowing of alternatives. 
Mount Isa ore-Pb was one of the set of world
wide volcanic-associated sulphide deposits 
used by STANTON and RUSSELL (1959) in the 
presentation of their "single-stage" isotope 
development model, which has generally been 
taken to invoke the mantle as the immediate 
source of the Pb. On this basis the calculated 
model age for Mount Isa Pb comes to 1600 
m.y. (RICHARDS 1963), or 1500 m.y., accord
ing to the parameters more recently suggested 
by COOPER ei al. (1969). Subsequent appraisal of 
regional structural deformauon in relation 
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to the timing of plutonic events suggested 
that the strata enclosing the orebodies arc at 
least 150 m.y. older than the Pb model age 
(FARQUHARSON and WILSON 1971). This ob
servation was one of the arguments used by 
RICHARDS (1971) to question both the single-
stage model and the mantle origin hypothesis 
for many orebodies, including Mount Isa. We 
must then entertain the possibility that the 
ore-Pb development was much more compli
cated than envisaged by STANTON and RUSSELL, 
and that the process has involved rocks which 
are now accessible to observation 
The aim of this study has been twofold. We 
have attempted to measure the ages of several 
igneous rock units in the region of Mount Isa, 
by the method of U-Pb and Th-Pb isochrons 
We have then compared the initial Pb ratios, 
estimated from the isochrons, with ore-Pb 
values in a search for possible linkages be
tween them. We must emphasize the prelim
inary nature of the conclusions which we have 
been able to draw. As indicated in the next 
section, the minimal number of samples has 
been analyzed, from locations which often are 
widely spaced, and where the correlations arc 
based on mapping which leaves ample room 
for uncertainty. Under these circumstances 
the search must be for the broad outlines of 
discernible trends. 

Background 

The geology of the Mount Isa region is 
described in detail by CARTER et al. (1961) 
and has recently been summarized by FARQU
HARSON and WILSON (1971). The lead-zinc-
silver orebodies are contained in the Urquhart 
Shale formation of the Mount Isa Group, 
a sequence of shales and siltstones which form 
the youngest unit in the local (?) Lower 
Proterozoic section (BENNETT 1965). The base 
of the section is the Leichhardt Metamorphics, 
a unit which comprises moderately to highly 
metamorphosed dacitic and rhyolitic lavas, 
plus large quantities of schist and gneiss. 
Progressing upwards, the section includes 
the Argylla Formation, a sequence of acid 
metavolcanics; Mount Guide Quartzite; 
Eastern Creek Volcanics, a sequence of basic 
volcanics with intercalated lenses of quartzite; 
Myally Beds and equivalent Judenan Beds, 

comprising siltstones, sandstones and conglo
merates; and the Mount Isa Group and equi
valent Mingera Beds and Surprise Creek Beds. 
Fig. 1 is a generalized geologic map witli 
sample locations. 
The three units investigated in this study are 
the Kalkadoon Granite, the Sybella Granite 
and the Eastern Creek Volcanics. Both 
granitic units are composite bathoUths whicl; 
regrettably have not yet been described pctro-
logically or structurally in detail. Random 
and widely-spaced sampling, with die op
timistic hope of co-genesis and original isotopic 
homogeneity, has led to derivation of Rb-Sr 
isochron ages by FARQUHARSON and WILSO.N 
(1971), and to the results reported herein. So 
far, the Rb-Sr data indicate that the Kalkadoon 
Granite could be as much as 1930 m.y. old, 
and that a western marginal adamellite phase 
which includes the Ewen Granite is. about 
1785 m.y. old. The Sybella Granite is about 
1655 m.y. old, and contains subsequent micro-
granite and pegmadte phases dated at about 
1550 m.y. (FARQUHARSON and RICHARDS 

1970 a and 1970 b). 

It is not easy to place the plutonic events 
correctly within the volcano-sedimentary se
quence. Attempts to assign an approximate 
time of deposition of the Mount Isa Group 
(and hence the ore bodies) have been frustrated 
by structural complexities in the region, and b\' 
lack of contact exposures between the sed
imentary host and datable igneous rock units. 
The few exposed contacts between batholiths 
and other units are ambiguous, deemed 
variously to be intrusive or unconformable 
(eg. Sunday Gully — location G A 379, CARTER 
et al. 1961). The recent suggesdon by FARQU
HARSON and WILSON (1971) that the Mount 
Isa Group may be pre-Kalkadoon Granite 
has been rescinded in the light of recent (un
published) observations by Australian Bure-tu 
of Mineral Resources geologists (WILSON 1973). 
Evidence from newly mapped unconformities 
and from graniuc boulders in conglomerates, 
suggests that the Mount Guide Quartzites and 
overlying strata have a maximum age of about 
1785 m.y., the time of intrusion of Kalkadoon 
adamellite. Based on truncation of regional 
foliation in the Mount Isa Group by the Sybell;i 
Granite, the minimum age for the Mount 
Guide Quartzite — Mount Isa Shale sequence 
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is 1655 m.y. (WILSON and FARQWIARSON 

1972). Accordingly, the Eastern Creek Vol
canics and the Mount Isa orebodies appear to 
have been deposited some time in the interval, 
1785 m.y. to 1655 m.y. 

Whole-rock Isotopic Studies 

The apphcation of the whole-rock isochron 
method to the Rb-Sr decay system has proved 
to be a very successful approach to the dating 
of rocks. After ah iniual lag caused in part by 
the much greater experimental difficulties, the 
U-Pb and Th-Pb analogues have recendy been 
gaining increased attention (ROSHOLT et al. 
1973; G A L E 1973). The evidence is diat these 
systems can yield what appears to be valid 
ages (ULRYCH and REYNOLDS 1966; ROSHOLT 

etal. 1970; FARQUHARSON and RICHARDS 1970), 
but with what seems to be a greater suscept
ibility to open-system behaviour (ROSHOLT 
etal. 1969; BLACK and RICHARDS 1973). 
Previous whole-rock isotopic results from the 
Mount Isa region are summarized as follows. 
RICHARDS (1966) reported Rb-St ages of 1760 
m.y. for the Kalkadoon Granite and 1600 m.y. 
for the "old phase" of the Sybella Granite, 
respecdvely (no uncertainty limits given). 
FARQUHARSON and WILSO.N (1971) subsequendy 
revised these ages to 1930 ± 5 1 m.y. for the 
Kalkadoon granodiorite and 1656 ± 2 1 m.y. 
for the main Sybella Granite. M C D O U G A L L 
et al. (1965) derived an age of 1780 ± 2 0 m.y. 
for a single sample of Ewen Granite, and 
FARQIWARSON and WILSON (1971) suggested 
that the Ewen Granite may be related to 
western marginal Kalkadoon adameUite on an 
isochron of 17.88 ± 8 m.y. FARQUHARSON and 
RICHARDS (1970a) reported concordant Rb-Sr 
and U-Th-Pb isochrons for the Sybella micro-
granite and pegmatite, as follows: 

(a) Rb"-Sr87;1554±29m.y. 
(b) U238.pb206. 1573 ±161 m.y. 

(c) U235-Pb2i>'; 1576 ±343 m.y. 
(d) Th^z-Pb^os; 1555 ±146 m.y. 

Thus the evidence is that this small section of 
crust may have experienced up to four in
trusive episodes; the Sr initial ratios (see 
FARQUHARSON and WILSON 1971) provide 

evidence for considerable reworking of upper-
level material. In contrast then to magmas 

generated in the deep crust or mande, it seems 
possible that a strictly homogeneous initial 
rado for each intrusive may not be obtained. 

Exper imen ta l Me thod 

Samples of approximately 1 to 5 kilograms were 
hammered from surface outcrop with the 
excepdon of three; GA 3381, GA 3378 and 
G A 3379 which were selected from sites 
previously blasted by the Bureau of Mineral 
Resources. The samples were reduced in a 
jaw crusher and "Sieb" miU, and i rom each, 
10 to 12 grams of powder was dissolved by the 
convendonal HF-HCIO4 treatment. U and 
T h were separated by the hexone solvent 
extraction method (TILTON et al. 1955) and 
Pb was isolated by the barium-nitrate co-preci-
pitadon and dithizone extracdon method of 
TATSUMOTO (1966). Measured U and Th blanks 
were negligible, whereas the Pb blank was 
high (2.1 micrograms, of isotopic composition, 
204 : 206 : 207 : 208 = 1 :17.80:1577 :37.60). 
Pb contaminadon ranged from about 0.6 to 
2.7 petcent of sample Pb. 
Concentradons of U, Th and Pb were measured 
by isotope dilution, using isotopically en
riched U235 and Th230 tracers and a Pb^"'-
Pb^O'i double-spike (COMPSTON and OVERSBY 
1969). U and Th were loaded together as 
phosphates on the side filaments of a rhenium 
triple-filament assembly, and Pb was loaded as 
oxalate on a single rhenium filament (COOPER 
and RICHARDS 1966). All analyses were per
formed in the Department of Geophysics and 
Geochemistry, Australian National University 
on a N . A . A . "Nuclide", 12-inch radius of 
curvature, 60° sector single-focusing spectro
meter with a modified Craig-type source; 
peaks were switched by magnet current 
selection. At the time the work was done, tho 
Pb calibrations were being normalized to the 
"KoUar values" of the U.B.C. No. 1 Broken 
Hill Pb standard (COOPER and RICHARDS 1966). 
The results presented here have not been 
normalized to the equal-atom Pb standard of 
CATANZARO et al. (1968). 
Although the Pb double-spike is intended to 
provide a correction for isotopic fractionation 
during analysis, we encountered difficulties-
For reasons not entirely apparent, some 
"corrected" Pb isotope analyses were suf-

U-Th—Pb Isotope Systcnr.iti 
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riciendy far removed from the uncorrected 
values, to be obviously in error. Possible 
causes include accidental contamination, oc
casional poor spectrometric resolution, or 
hydrocarbon interference. I t is thus a matter 
of subjective evaluation to decide which 
"corrected" values are valid and which are to 

I be disqualified. The scatter in the data is not 
I improved by the use of these double-spike 
I corrected values. They have therefore been 
; rejected in tolo, and the uncorrected values have 
j been used, with due allowance for uncertainties 
j in fractionation. An uncorrected isotopic 
• analysis of the C.I .T. shelf standard is as 
I foUows: 204:206:207:208 = 1:16.79:15.71: 

37.02, which is in good agreement with the 
i mean of 5 measurements (1:16.78:15.71:36.99) 

reported by COOPER and RICHARDS (1966). 
COOPER and RICHARDS (1966) found that the 
oxalate method yielded measurement error 
(95% confidence) of about 0 . 1 % for the 
206/204 ratio, and isotopic fractionation on the 
order of 0.25 percent for the 206/204 ratio and 
0.5 percent for the 208/204 ratio. The Pb 
isolated from rock samples is more difficult to 
purify. Thus for our granitic rocks the mean 
measured 2c of the 206/204 ratio was about 0.25 
percent, ranging from 0.06 to 0.67 percent. 
For the volcanic rocks the precision of measure
ment was generally lower. 
In assigning uncertainty to the values as plotted 
in Figs. 2, 3 and 4, a fractionation error of 0.5 
percent was added to the 2a value of 206/204 
measurement precision. The resulting value 
was multiphed by 1.5 and 2.0 to obtain 
uncertainty estimates for 207/204 and 208/204, 
respectively. The uncertainty of the U/Pb 
ratios was arbitrarily taken to be ± 3 % of the 
value, and of the Th/Pb ratio, ± 5 % . The 
duplicate analysis of 3374 (see Table 1) falls 
within these error limits, for all ratios. 

I Results 
! 
i -^alyses for twenty whole-rock samples plus 

one mineral separate (3375M) are presented in 
Table 1. The data are plotted in Figs. 2, 3 and 4 
for the Kalkadoon Granite, Sybella Granite 
and Eastern Creek Volcanics respectively. In 
«ich figure, the lower half exhibits "Nico-
'aysen" diagrams (NICOLAYSEN 1961) for the 
'hree parent-daughter systems; the upper half 

shows the corresponding Pb—Pb diagrams. 
(Pb208/pb204 and Pb207/pb204 versus Pb206/ 
Pb204_ The linear (isochron) regressions 
reported in the text are based on the Model I 
treatment of MCINTRYE etal. (1966) for parent-
daughter isochrons, and on the Model II 
treatment of Y O R K (1969) for the Pb—Pb 
isochrons. Confidence limits are reported as one 
standard deviation; decay constants are those 
recommended by STIEFF et al. (1959). 

Ka lkadoon Grani te 

The Kalkadoon Granite samples can be 
categorized as follows: 

a) coarse granodiorite — probably the best 
representative of the main intrusive phase; 
samples 3377, 3378 and 3379, 
b) gneissic granodiorite; 3380, 
c) marginal adamellite; 3371 and 3376, 

d) sheared marginal granodiorite; 3372, 

e) hybrid chloritized marginal granodiorite; 
379. 

In the ensuing discussion wc follow the results 
of the Rb—Sr analysis of these samples (FARQU
HARSON and WILSON 1971) in treating the 

marginal rocks (c, d and e; age 1785 m.y.) 
as distinct from, and younger than the remain
der (a and b ; age 1930 m.y.). This leads us to 
expect two isochrons on each diagram of 
Fig. 2, each of slope appropriate to one of the 
ages. Departures from this are the likely result 
of open system behaviour (the depth of the 
weathering profile suggests that recent disturb
ance of the system is distinctiy possible). 
As an added constraint, and aid in the assess
ment of what is believable, we note that the 
initial ratios should not be too different from 
values which fit a lead growth curvey similar • 
to that observed for major orebodies (Ostic 
et al. 1967) and which we, by extrapolation, 
would wish to ascribe to an average terrestrial 
system (RICHARDS 1971). For such a system 
the average U238^pb204 (̂ -̂  should be close to 9 
(KANASEWICH and FARQUHAR 1965), and hence 
a Kalkadoon Granite which is not abnormally 
deviant from terrestrial average should yield 
intercepts on the Nicolaysen diagram within 
the vicinity of Pn20G/Pb204=^i6, Pb207/pb204 
= 15.5, and Pb208/pb204 = 36. 
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Table 1, U—Th—Pb analyses for Kalkadoon gramte^ Sy bel Ja granite and Eastern Creek Volcanics^ Mount Isa 

G. A. No. 

Kalkadoon 

3371 
3372" 
3376 
3377 
3378 
3379 
3380 
379 

U"' 

granite 

0.02482 
0.00332 
0.01825 
0.00698 
0.02101 
0.03923 
0.04446 
0.01281 

Sybella granite 

3373 
3374(i) 
3374(ii) 
3375 
3375MC 
3381 
3382 
3384 

586 

0.03035 
0.03086 
0.03080 
0.02640 

0.03250 
0.01785 
0.03099 
0.02589 

Eastern Creek Volcai 

3397 
3399 
3400 
3401 
3402 

" micro 

'• K
alkadoon G

ranoi 

The m
aterial, date 

" 
represented 

b
i 

0.01230 
0.00589 
0.00581 
0.00343 
0.01814 

lies 

Tioles/gram. 

u ;:; ^ •-< 

a , - O T 

g 
o 
cr 
D. 
f-t 
P 
% 
3 

OT 
» 
5 
r. 

Th<^ 

0.1289 

0.06931 
0.07543 
0.08943 
0.2886 
0.1742 
0.06888 

0.1054 
0.1531 
0.1551 
0.1366 

0.1135 
0.1166 
0.09948 
0.09602 

0.03793 
0.02544 
0.02050 
0.02035 
0.07089 

lUl trends in F
ig. 2 shov 

The 
regression 

line is i 
^ery poor approxim

atior 
nave chosen 

therefore i: 

Pba 

0.1547 
0.06671 
0.09973 
0.07389 
0.1502 
0.2319 
0.2770 
0.06115 

0.1677 
0.1564 
0.1587 
0.1365 

0.1326 
0.08106 
0.1434 
0.1796 

0.1050 
0.2043 
0.2027 
0.05667 
0.07894 

U23B^b204 

13.70 
3.46 

15.11 
7.65 

10.82 
14.14 
14.89 
16.95 

14.12 
15.84 
15.68 
15.86 

20.08 
18.82 
17.25 
11.14 

8.61 
2.00 
1.97 
4.39 

18.64 

" Th run failed. 

<? is 
n ^ IT— 

1̂  L 

U23&/pb204 

0.0994 
0.0251 
0.1096 
0.0555 
0.0785 
0.1026 
0.1081 
0.1232 

0.1025 
0.1149 
0.1138 
0.1151 

0.1457 
0.1366 
0.1252 
0.0808 

0.0624 
0.0145 
0.0143 
0.0318 
0.1353 

Th232/Pb2<''< 

71.71 

57.79 
83.24 
46.38 

104.8 
58.77 
91.94 

49.41 
79.13 
79.50 
82.68 

70.74 
123.9 

55.79 
41.61 

26.93 
8.70 
5.37 

26.23 
73.37 

Pb^os/Pbso-* 

23.77 ± 0.14 
16.88 ± 0.10 
24.74 ± 0.29 
20.53 ± 0.12 
20.26 ± 0.24 
20.81 ± 0.13 
32.81 ± 0.34 
22.49 ± 0.15 

21.24 ± 0.13 
21.51 ± 0 . 1 3 
21.65 ± 0.15 
21.58 ±0 .15 
16.74 ± 0.10 
22.77 ±0 .19 
23.30 ± 0.24 
21.84 ± 0.13 
20.82 ± 0.19 

19.26 ± 0.44 
16.82 ± 0.10 
16.74 ± 0.12 
18.35 ± 0.28 
22.07 ± 0.26 

= acid-washed microdine separate 

P b ^ ' / P b " ' 

1 r-„-\—I • - 1 

P b " " / p b ' < " 

-TT -1 • 1 1 1 -

5 , 5 \ 
0 . IJ V. . 

P b ' » V p b " ' 

Pba07/pb204 
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.Fig. 2. U—Th—Pb isotopic plot for Kalkadoon Granite data. 
Isochrons in the „Nicolaysen" diagrams yield initial ratios which 
then provide the origin for the Pb—Pb isochron. Growth curves 
(JI = 9; K = 3.95) and the Mount Isa ore Pb values are shown 
for reference 

All trends in Fig. 2 show considerable scatter. 
The regression line is probably therefore a 
"try poor approximation to the isochron. 'We 
•lave chosen therefore to estimate the initial 
i>tios by drawing a line, of slope determined 
"y the Rb—Sr age, through the points which 
s«m to be the least perturbed- We shall 
•'tempt to defend our choice in the following 
Paragraphs. 

'• Kalkadoon Granodiorite 

The material, dated by Rb—Sr at 1930 m.y., 
" represented by the three granodiorite 

samples 3377, 3378 and 3379, and the gneissic 
granodiorite 3380. Support for this age is 
provided by the regression line on the lower 
Pb—Pb diagram (upper half of Fig. 2). Treated 
as a secondary isochron, its slope yields an 
age 1914 ± 4 7 m.y. It might be argued that 
this result depends heavily upon sample 3380, 
which as we see below is somewhat suspect. 
However essentially the same age may be 
deduced, independendy of this sample, from 
the Th—Pb Nicolaysen diagram (upper hne, 
bottom half of Fig. 2). In this, the three grano
diorite samples alone yield an isochron of 
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Fig. 3. U—Th—Pb isotopic plot for Sybella Granite, data. Isochrons 
in the "Nicolaysen" diagrams yield initial ratios which then provide 
the origin for the Pb—Pb isochron. Growth curves (fx = 9; K = 
3.95) and the Mount Isa ore Pb values are shown for reference 

slope 1923 ± 1 1 4 m.y., with a "reasonable" 
initial ratio 36.75 ± 0.45. This older age 
therefore merits its place in the provisional 
Umescale. 
Turning now to the two U—Pb Nicolaysen 
diagrams, we note that sample 3380 is ex
cessively deviant, and must be excluded from 
the process of fitting a 1930 m.y. isochron. 
This deviance is most easily ascribed to loss 
of U, which must have occurred recently, since 
the isotopic composition of the Pb seems to 
have been litde affected (c. f. GRAY and OVERSBY 
1972). Note too that this extreme loss of U 

must have been accompanied by a small degree 
of Th loss; 3380 deviates slighdy also from the 
Th—Pb isochron. By the same token, 337.-
plots abnormally high on the two U—I'h 
diagrams, and may therefore also have lost 
some U. For this reason we choose to draw 
our lines of slope 1930 m.y. through the 337S 
and 3379 points. The initial ratios thus derived 
are 20Gpb/204pb=: 16.20; 207pb/204pb = 15.75-
These initial ratios appear to be near corrccc 
because they satisfy our criteria for an ac
ceptable result. I t is difficult to determine 
whether, or to what degree, U-loss has aftectcJ 
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high on the two U—Fh. 
' therefore also have lost) 
eason we choose to draw 
)30 m.y. through the 337S: 
e ifutial ratios thus derivcii | 
5.20; 207pb/204pb = 15.75. 
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Fig. 4. U—Th—Pb isotopic plot for Eastern Creek Volcanies 
data. Isochrons in the "Nicolaysen" diagrams yield initial ratios 
which then provide the origins for isochrons in the Pb—Pb 
diagram. Growth curves (jx = 9; K = 3.95) and the Mount Isa 
ore Pb values are shown for reference 

v-ven samples 3378 and 3379. We expect 
that the deficiency is small, but the initial 
ratio values must be considered upper limits. 
Very little can be deduced from the upper 
Ph—Pb diagram, except that disptoportiona-
tion between U and Th in the various parts of 
•he batholith is evident from the considerable 
Pb isotopic variation. 

'• Kalkadoon Alarginal Adamellite 

•Analogous treatment of the four samples from 
the western margin of the batholith is more 
difficult. At least three of them display anom-

IJ Mlneralium Deposita 9/4 

alous behaviour, in both U and Th. Once 
again, the lower Pb—Pb diagram appears least 
affected. A line of slope 1785 m.y. (derived 
from the Rb—Sr data) drawn through 3371 and 
3376 points, passes close the Mount Isa ore-Pb 
value, and close to 3372. In the U—Pb dia
grams, the previous arguments • would lead 
us to suspect that sample 3372 has been least 
affected by U-loss. Extrapolation from this 
sample along a line of slope 1785 m.y. leads 
to iniual ratio estimates Pb206^Pb20'i = 15.75; 
Pb207/Pb204== 15.46;. Thcsc must be con
sidered minimal. The result is questionable. 
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however, because this rock is sheared, and 
because of some uncertainty about its classifi
cation. 
379 has suffered the complications of assimila
tion at the margin of the batholith and may 
therefore have had initial ratios different from 
average Kalkadoon adamellite (3371 and 3376). 
Notwithstanding that possibility, the U238_ 
Pb20G values project to an aberrantly high 
initial ratio which may be atributable to loss of 
U. The low Pb207/pb204 value may reflect 
mixing with more primitive Pb, as was sug
gested in explanation of the low SrS'/Sr^s 
value (FARQUHARSON and WILSON 1971). 

Sybella Granite 

The Sybella Granite samples can be categorized 
as follows: 

a) coarse-grained, main phase granite; 
3373,3374,3375,3384, 
b) "old-phase" granite; 586, 3381, 
c) marginal adamellite; 3382. 

As was the case for the Kalkadoon Granite, 
there is significant scatter in the data. Further, 
the range in values is even more restricted, and 
meaningful regression is impossible. Once 
more, therefore, the slopes of the Nicolaysen 
isochrons (Fig. 3 lower) have been determined 
by the Rb—Sr data (age 1655 m. y.; FARQUHAR
SON and WILSON 1971) and the location of the 
isochron decided by a qualitative choice of 
what seem to be the least-perturbed data points. 
Initial ratios thus derived are Pb^os/Pb'^"' '= 
17.00; Pb207/Pb204 = 15.75; Pb208)(pb204 == 

37.40. 
In the lower Pb—Pb plot, the 1655 m.y. iso
chron originating from these estimated initial 
ratios passes centrally through all data points 
except for samples 586 and 3375. These latter 
have an apparent excess of Pb207^ evident in 
both the lower P b - P b and in the U235/Pb207 
diagrams. This anomaly is difficult to explain, 
except perhaps as an'analytical error. 
Support for these initial ratio estimates is pro
vided by the microdine concentrate from 3375. 
In all cases the somewhat arbitrarily-chosen iso
chron extrapolates quite close to, but slightiy 
above, the microline data points. If 3375 whole 
rock is corrected for the fractionation apparent 
in the Pb—Pb diagram, the whole rock — 

microdine tie-lines in all three parent-dauojui.-
diagrams are approximately parallel to tii, 
1655 m.y. isochrons. Thus if we assume tiic!, 
has been no metamorphic resetting, it ji.-c;r.v 
reasonable to regard the microcline Pb -...s 
providing a minimum estimate for the initi.il 
ratios of the Sybella Granite. 
Attempts at deriving isochron ages from linfur 
regressions are not so successful. The erru: 
limits are large because of the combination of 
scatter and narrow range, and the spread ui 
apparent ages is also large, even when ol,. 
viously aberrant samples are rejected. 0,;i-
observation is worth making in thiscontexr. i-, 
that it exemplifies theinterpretational problcin.s 
in this study. The preceeding discussion h:!? 
perforce, for lack of data, treated all Syhcll.i 
Granite samples as belonging to the one iso. 
topic system. This is undoubtedly not corrcci. 
An extreme example is 3382, from the western 
flank of the batholith. It is not typical of the 
main Sybella Granite; its divergence from the 
main isotopic trend in two out of the thrc^-
Nicolaysen diagrams could be interpreted a-, 
arising from a different initial ratio. The .Sr 
system (FARQUHARSON and WILSON 1971) does 
not show this effect, but this may be because oi 
its lower overall sensitivity. Particularly in the 
T h - P b diagram, a regression involving 3382 
would almost certainly be erroneous. 

E a s t e m Creek Volcanics 

The Eastern Creek Volcanics suite arc samples 
of basaltic flows which have undergone low-
grade regional metamorphism. When plotted 
(Fig. 4) the data again display sigtiificaiir 
scatter, although this time the "Th-Pb diagram 
yields a Model 1 isochron of age 1807 ±78 
m.y., initial ratio, 36.36 ±0 .14 . 
In this case we do not have a Rb—Sr age, so 
that estimation of the other initial ratios 
involves a somewhat more tortuous argument. 
Current consensus (see RUSSELL 1972) suggests 
that the Eastern Creek Volcanics are younget 
than the Kalkadoon granodiorite, for which «v 
suggest an age of 1930 m.y., and arc probably 
youn.ger than the marginal adamellite (\ViLS0.~< 
1973) and the Ev/cn Granite (1785 m.y)-
Support for the younger age, which is i" 
virtual agreement with the Th—Pb isochron. 
may be derived from selective treatment of the 
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in all three parent-daugl„,.j.j38_Pb206 diagram; a 1785 m.y. isochron 
oximately parallel to tin- j . ; ; through the extreme points, 3399, 3400 
s. Thus if we assume ther. j i j 3402. The resulting imtial ratio estimates 

i.'-en are: Pb20G/Pb204^ 16.18, Pb207/pb204 = 
•3.68, Pb208/Pb204 = 3 6 . 4 1 . Isochrons for 
'iiO m.y., drawn for comparison, yield initial 
itio which are not so very different (16.11, 
5.60, 36.11). The results indicate that 3402 

. -. -js remained virtually undisturbed for the 
luse of die combination of '.^t 1800 m.y. Accordingly, samples 3401 and 
range, and the spread ,;,.'.397 have lost U. 
so arge, even when ol>. Ua the P b - P b diagram, the scatter is so great 
implcs are rejected. One j ,,d the results so few that regression attempts 
1 making in this context J;: t.^st be regarded as unsuccessful. They yidd 

l.a age which appears to be unreasonably old 
,1 the light of current geological reasoning. 
I.'ii conclusion, the data in this section do not 
'ermit any firm decision about the relative 
;;;e of the Eastern Creek Volcanics and the 
r.tt'en Granite, except that the difference is not 
•teat. 

e mterpretational problems 
preceeding discussion I1.15 
f data, treated all Sybell.. 
belonging to the one iso-
i undoubtedly not correct. 
is 3382, from the western 

ll. It is not typical of the 
e; its divergence from the 
in two out of the three 

5 could be interpreted as 
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IN and WILSON 1971) docs 
but this may be because of 
sitivity. Particularly in the 
regression involving 3382 
ily be erroneous. 

Discussion 

\Loss oj Uranium 

an tes 

'okanics suite are samples 
ich have undergone low-
tnorphism. When plotted 
again display significant 
time the Th—Pb diagram 

Dchron of age 1807 ±7S 
.36 ± 0 . 1 4 . 
Dt f 
the other initial ratios 
more, tortuous argument, 
e RUSSELL 1972) suggests 
;k Volcanics are younger 
ranodiorite, for which we 
iO m.y., and are probably 
•ginal adamellite (WILSO.N' 
n Granite (1785 m.y.). 
jnger age, which is i» 
th the T h - P b isochron. 
selective treatment of the 

The results suggest that U-loss has affected 
.Tiost of the samples to varying degree, in each 
ot the rock units. BLACK and RICHARDS 
;1972) suggested that, in a similar isotopic 
orcumstancc, granites further east in Queens-
Und had lost U, possibly in a recent weathering 
event. ROSHOLT et al. (1973) argue cogently 
:"tom data on Wyoming granitic rocks, for 
;cmoval of as much as 80 to 90 percent of 
original U by weatheting during the Cenozoic. 
PLILER and ADAMS (1962), reporting on the 

I mobility of U (and Th) in a weathered profile 
!of Boulder Bathohth granodiorite, indicated 
that considerable loss was apparent in the first 

ot have a Rl>-Sr age, so ,,̂ ^^^ ^j weathering. 

' ine Mount Isa region was exposed at a level 
'̂ "ery dose to the present land surface during 
' Late Precambrian time. Cambrian strata lie 
-nconformably on Sybella Granite to the west 

•j of Mount Isa. This leaves the possibility that 
; ibout 600 m. y. ago the rocks now exposed 
• could have been influenced by deep weathering 
I md isotopic remobilization. However, since the 
«treme loss of U exhibited by 3380 (see Fig. 2) 
ts not reflected in the Pb isotope values (these 
iJe on the "primary" 1930 m.y. isochron). 

such loss should logically be a recent event, 
and probably the result of weathering. The 
Mount Isa region exhibits no .evidence of 
instability, since Middle Proterozoic time, so 
that any orogenic remobilization of U, if 
such occurred, was restricted to the early stage 
in the history of the rocks; i. e. to the time of the 
Sybella microgranite/pegmatite intrusion. Such 
remobilization is not evident within the scatter 
of the data, particularly the Pb-isotope data. 
Therefore, although the effects of early isotopic 
remobilization, late Precambrian weathering 
and recent weathering may all to varying 
degree be reflected in the scatter of the data, it 
is possible to discern only the recent weathering 
effect. The T h - P b isotopic system yields 
reasonably consistent isochrons for all three 
units, which suggests that there has been mini
mal redistribution of Th during weathering. 
The following argument based on internal 
consistency refines the initial ratio estimate for 
the Kalkadoon Granodiorite. Previous refer
ence has been made (see Results) to the ob
servation that visually adjusted U—Pb iso
chrons provide a maximum estimated initial 
ratio because of the effects of U-loss in even 
the least-affected samples. If, in Fig. 2, the 
U"-38_pb206 isochron had been projected 
through GA 3379 the initial ratio would be 
15.92. Horizontal projection of the points 
3377, 3378, 3380 to this line would yield 
revised U238 concentrations which in turn lead 
to the revised values for K ( = Th232/U238). 
As previously noted, 3380 is displaced also 
toward the "Th-loss side of the T h - P b iso
chron, so that a revised Th232 concentration 
has been estimated by lateral projection to the 
isochron of Fig. 2. 

If the " t rue" K-values are known, then Pb208^ 
Pb204_pb200/pb204 isochrons can be deter
mined for each sample. With samples of difl'erent 
K which are cogenetic and which originally 
shared a common Pb isotope composition 
(initial ratio), the individual isochrons should 
intersect at a point which defines the initial 
Pb208/pb204 and Pb20(i/pb204 ratios. Fig. 5 
shov/s the intersections of the four isochrons, 
which lie closely scattered about the values, 
Pb208ypb204 =36 .72 and Pb2oo/Pb204 = 15.90. 
This consistency, indicates that the Th—Pb 
isochron is well-placed and suggests that the 
U238_pb20C isochron should project through 
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Fig. 5. Pb2<'8/pb204 versus Pb^os/Pbao" plot of the four Kalkadoon 
granodiorite samples. Pb isotope development lines have been projected 
backwards from the measured (present day) values according to the 
Th/U ratios. The dashed lines represent isochrons for measured U 
concentrations, and exhibit no mutual intersection. The solid lines 
represent isochrons for U-loss corrected concentrations (with a Th 
correction applied to 3380), that intersect at a common point which 
is taken to be a common initial ratio 

Table 2. Th and U abundances ,̂ both measured and adjusted for loss; and K(=Th232/U238) values 

G.A. No. Th U loss* adjusted U % loss K 

Kalkadoon Granite 
3371 
3376 
3377 
3378 
3379 
3380 

379 

29.9 
16.1 
17.5 
20.8 
66.5 
40.4 

5.91 
4.35 
1.66 
5.00 
9.35 

10.6 

5.02 
3.82 
1.53 
0.76 

24.1 

10.93 
8.16 
3.91 
5.76 

34.7 

~46 
~47 

42 
14 

70 
(Th loss = 3.5, adjusted Th = 44.0, loss = 8.7 %) 
16.0 3.05 

-1.91 
-2.00 
6.31 
3.68 
7.41 
1.32 

-3.42 

Sybella Granite 
3373 
3374 
3375 
3381 
3382 
3384 

586 

24.5 
35.8 
31.7 
26.4 
27.0 
23.1 
22.3 

Eastern Creek Volcanics 
3397 
3399 
3400 
3401 
3402 

8.80 
5.90 
4.75 
4.72 

18.3 

7.12 
7.35 
6.29 
7.74 
4.25 
7.38 
6.16 

2.83 ' 
1.40 
1.38 
0.82 
4.32 

— 
— 
— 
— 
0.64 

— 
1.16 

0.40 
— 
— 
0.46 

— 

_ 
_ 
_ 
— 
4.89 

_ 
7.31 

3.32 
— 
_ 
1.28 

_ 

_ 
_ 
— 
_ 
13 
— 

~16 

12 
— 
_ 
36 
_ 

3.50 
5.03 
5.21 
3.52 
5.72 
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Fig. 6. Logarithmic plot of Th versus U concentrations in 
all samples. Most analyses lie between the Th/U reference 
lines of 6 and 3. The dotted lines indicate the shift of 
values from those measured to those recalculated for loss 
of U (Th). Sample numbers given as last two digits 

!3379. If the latter isochron is left at the position 
a Fig. 2, the K-values are altered and the iso-
Jirons as in Fig. 5 intersect over a much wider 
interval. 
The effectiveness of this test depends largely 

|oQ the extent of variation in K. The greater 
I the divergence of isochrons, the more rdiable 
ire the intersections. In applying this same test 
!o the Sybella Granite data, the results are less 
definitive than for the Kalkadoon granodiorite. 
largely because the acute intersections of iso
chrons produce a considerable scatter in the 
ridnity of the indicated initial ratios. If the 

\ U238_pb200 isochron of Fig. 3 is re-positioned 
to pass through 3384, On the supposition that 
this sample has suffered the least U-loss, the 
scatter of isochron intersections increases 
in the Pb208/pb204 versus Pb20(i/Pb204 plot. 
This suggests that the U238_pb206 isochron 

jof Fig. 3 is close to the "best position" for 
i that suite of samples. The Eastern Creek vol

canics samples have such a small variation in 
K as to preclude any useful test of the fore-

, going. 
: Table 2 is a listing of Th and U concentrations 
. in micrograms per gram, with percent U-loss 
md revised U concentrations for those samples 

which are interpreted to have lost U. The 
K-values are also listed, and the abundance 
of Th and U in all samples is illustrated in Fig. 6. 
For the two Granites combined, the mean Th 
and U abundances (excepting the anomalously 
high values of 3380) are 27.8 and 7.05 parts 
per million, respectively. Individually, the 
Sybella Granite (mean K = 4.19) and the Kal
kadoon Granite (mean K = 3.72) suites yield 
similar mean Th and U abundances. The mean 
K-value for the two Granites is 3.96. The 
Eastern Creek Volcanics samples yield means 
of; Th = 8.49 parts per million, U = 2 . 1 5 parts 
per million, K = 3.52. From ample evidence 
of U-loss provided here and by others (BLACK 
and RICHARDS 1972; ROSHOLT et al. 1973), 

in rocks which exhibit no visible effects of 
open-system behaviour, it is apparent that 
geochemical surveys of primary U abundance 
in rocks may suffer to a considerable degree 
from underestimating the content of U. 

Initial Ratios 

Reasoned best estimates for initial Pb isotope 
ratios in the Mount Isa region are given in 
Table 3. These figures indude the Sybella micro

s ' . 
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Table 3. Initial Pb /xo/op/ ra//'o/ 

Kalkadoon granodiorite 
Kalkadoon adamellite'' 
Sybella granite 
Sybella microgram te 
Eastern Creek Volcanics 
Mount Isa ore Pb 

Pb^os/Pbao" 

15.90 
(15.75) 
17.00 
17.67 
16.17 
16.23 

Pbso'/Pbzo'i 

15.68 
(15.53) 
15.75 
15.83 
15.68 
15.61 

Pb2<'8/pb204. 

36.75 
(36.75) 
37.40 
37.04 
36.36 
36.25 

a tentative values, minimum estimates. 

uTh—Pb Isotope .Sw 

JQ 
Q. 

\ 

S i 
a. 

granite and pegmatite (FARQUHARSON and 

RICHARDS 1970), based for consistency on Pb 
isotope analyses which have been left un
corrected for fractionation. It is objectively 
impossible to assign error limits to these 
estimates, but uncertainties can be discussed 
with respect to fractionation, 204-error and 
U-loss. The data are presented in Fig. 7 with 
growth curves and the Mount Isa ore Pb for 
reference. 
The two systematic errors assodated with 
mass-spectrometric analysis of Pb are isotopic 
fractionation and error in the proportion of 
Pb204^ the common denominator of the three 
Pb isotope ratios. Since the initial ratios 
have been derived from several analyses, the 
effects of the random component of Pb20'i — 
error should approximately cancel out. The 
effect of fractionation, however, may be more 
or less consistent, as has been demonstrated 
by the fact of recalculation of Pb isotope 
analyses according to "absolute" isotopic 
standards (CATANZARO et al. 1968). Thus, in 
Fig. 7, the initial ratios may be displaced along 
fractionation trends to varying degree, one 
relative to another, and possibly in a consistent 
manner relative to the Mount Isa ore Pb and 
the growth curve. The possibility of U-loss 
affects the estimation of inital ratios on the 
Nicolaysen diagrams. Transferred to the Pb—Pb 
diagram, the result of such error appears as an 
increase in Pb2<'6 and Pb^^"^, the displacement 
being sub-tangential to the growth curve. 
One aim of this study is to compare rock 
initial ratios with the Mount Isa ore Pb values 
as a test for possible genetic association between 
rock units and mineralization. With due regard 
for the uncertainties in the initial ratio values, 
the Eastern Creek Volcanics fall close to the 

Mount Isa ore Pb values. However, this unit 
stratigraphically underlies the Mount Isa 
shale, and orebodies, and thus could not have 
been involved in contemporaneous volcanism 
according to the popular submarine volcanic 
— exhalative model of mineralization. It coiiW 
be argued that the Eastern Creek Volcanics 
are linked with the mineralization through -im 
epigenetic lateral secretion mechanism in
volving transport of Pb and associated metals 
from the Volcanics to the present site of rlie 
orebodies. Such a hypothesis is not presently 
favoured. Alternatively, if a section of the 
Eastern Creek Volcanics was exposed to 
erosion at the time of sedimentation of the 
Mount Isa Shale, Pb leached from them could 
have been available for precipitation as syn
genetic sulphide mineralization. However, it is 
unlikely that the Volcanics were exposed 
during such sedimentation since they lie more 
or less conformably below the Mount Isa 
Shale and Myally Beds. 
The initial ratios of the other units are dis
placed to a sufficient distance from the Mount 
Isa value to preclude contemporaneity. The 
Sybella microgranite/pegmatite has previously 
been ruled out as a source of Pb in the ore-
bodies (FARQUHARSON and RICHARDS 1970a). 

Similarly, the Sybella granite can be eliminated 
because it is too enriched in radiogenic Pb. The 
Kalkadoon granodiorite remains as a possible 
source, through a mechanism of surface ex
posure and weathering. At some time between 
emplacement of the granodiorite and suiv 
sequent intrusion of the Sybella granite, the 
former may have been uplifted and exposec; 
as a tectonic high' (see CARTER et al. 1961) '•' 

provide surftcially leached Pb to the Mouni 
Isa shale depositional basin. This suggestion 
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pl,206/pb204 

Fig. 7. Combined Pb—Pb plot which shows the estimated best val
ues of initial ratios for the Kalkadoon granodiorite (Kg), Kalk
adoon adamellite (Ka), Eastern Creek Volcanics (ECV), Sybella 
granite (Sg) and Sybella microgranite/pegmatite (Sm/p). The Mount 
Isa ore Pb (@) and 3375 microdine (kf) values, and the ore Pb 
growth curves ((i = 9; K = 3.95) are plotted for reference. Isotope 
fractionation and Pb^O'i.error lines are indicated 

avoids the question of a concentrating mech
anism, the problem which generally renders 
normal continental erosion as a unsatisfactory 
source of metals for orebodies. An alternative 
suggestion would appeal to hydrothermal 
leaching of Pb from the granodiorite during 
volcanism, and transport of that Pb as a sub
marine exhalative product to the site of de
position. The association of tuft" beds and 
sulphides supports such a model, but there is 
no visible evidence for hydrothermal leaching 
of the Kalkadoon granodiorite. By tenuous 
projection, it is possible that the Kalkadoon 
granodiorite represents local lower-level crustal 
tnatcrial which may have been the source of 
both the volcanism and the mineralization. The 

initial ratios for the granodiorite lie dose to a 
1900 m.y. "primary" Pb isochron, which is 
concordant with the previously determined 
age of the unit and which suggests derivation 
from a source with "primary" Pb character. 
The initial ratio of the Kalkadoon adamellite 
(samples 3371 and 3376) should lie somewhere 
along the Pb—Pb isochron in Fig. 2. If the 
whole-rock U238_pb206 isochron is assumed 
to go through 3372, the sheared adamellite, 
the initial Pb200/pb204 ratio is 15.75, and the 
corresponding Pb207^pb204 ratio (calculated 
according to the proportion of U-loss in
dicated by the U238_pb206 data) is 15.53. 
Although the values are tentative, the Kalka
doon adamellite could, by the previous argu-
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ment of weathering and erosion, have supplied 
Pb for the Mount Isa orebodies. In the case 
of such surficial derivation it is probable that 
the Pb would be an isotopic mixture of the 
main and margind phases of the Kalkadoon 
Granite, and may include contributions from 
other sources. 
Inasmuch as the Sybella granite and micro
granite/pegmatite initial ratios are isotopically 
different from the Mount Isa ore Pb, they are 
also considerably enriched in radiogenic Pb as 
compared with primary growth curve isotopic 
values at the respective times of emplacement. 
This radiogenic enrichment is apparent also in 
the initial Sr ratios which are, for the Sybella 
granite, 0.7114 (FARQUHARSON and WILSON 
1971) and for the microgranite/pegmatite, 
0.736 (FARQUHARSON and RICHARDS 1970 a). 

By contrast, the Kalkadoon granodiorite 
approximates to "primary" initial ratios for Pb 
and for Sr (initial Sr ratio, 0.7042; FARQUHAR
SON and WILSON 1971). 
Such isotopic enrichment is suggestive of 
crustal derivation for the two Sybella phases, 
a development which may have followed the 
course of a "Granite Series" as envisaged by 
READ (1955). The crustal block which gener
ated the Sybella phases must have had a much 
higher average (A-value than the terrestrid 
average. For example, if the Pb isotopic com
position of the crustal block were represented 
by the Kalkadoon granodiorite initid ratio 
at about 1900 m.y., generation of the Sybella 
granite would require a (x-value of about 20, 
and generation of the Sybella microgranite/ 
pegmatite would require a j^-vdue of about 23. 
If the Sybella granite could be represented as the 
parent of the microgranite/pegmatite, the 
ft-value of that source would have been about 
33. Note, however, that the low Pb208/pb204 
initid ratio for the microgranite/pegmatite 
(Fig. 7) is relatively un-enriched, which 
suggests that ndther the Kdkadoon not the 
Sybella Granite represents the source. 
The question of derivation of the Granites is 
difficult to resolve and does not lend itsdf 
easily to simple models, isotopic or otherwise. 
Any fractionation involved in the generation 
of these different plutons was not a.result of 
simple magmatic differentiation: the long time 
intervals between successive intrusives pre
cludes that. Fractionation may be accounted 

for by partid melting of either a homogencnv,-. 
crustd source, or a source which was rr 
mobilized periodically with accompanvin--
fundamentd changes in chemicd character, „i 
a source which by its heterogeneity gave rise t-. 
anatectic products of different compositions r. 
different times. Deep crustal metasomatis;v. 
or granitization (JOPLIN and WALKER 1901', 
may have provided a vehide for extensive-
redistribution of major and trace elements, 
including U, T h and Pb. It is now well estaU-
lished that U and Th migrate from a rock 
system during granulite-fades metamorphisni 
(HEIER 1965a; 1965b; H E I E R and Adams 19(1.5. 
GRAY and OVERSBY 1972). Depletion of thc^c 
dements in lower crustal sections should result 
in enrichment elsewhere (LAMBERT and HEII-.R 
1967). The observed high U and Th contents 
of the Sybella granites, and the high (i-values 
of their inferred source, are compatible witit 
such a mechanism, which could have involved 
a succession of stages. 
The Mount Isa ore Pb occurs in a crustal block 
which evolved through a series of plutonic 
episodes leading progressively to greater en
richment in radiogenic Pb. The apparent 
enrichment in the Mount Isa Pb relative to the 
ore Pb growth curve is consistent with a model 
of crustal derivation related to magma genera
tion in the region. 

S u m m a r y and Conclus ions 

The foregoing study has revealed the following 
with regard to U—Th—Pb isotopic systems in 
igneous rocks from Mount Isa: 

1. In a general sense the whole-rock data 
correspond with the geochronology outiincd 
by previous Rb—Sr data. 

2. Considerable open-system effects are ap
parent, and can be explained principally as the 
results of recent U-loss due to weathering. 
Accordingly, the Th-Pb "isochrons" are the 
most reUable. 

3. On the basis of extrapolated initial ratios 
both the Sybella granite and the younger 
microgratiitc and pegmatite are geneticdh' 
unrelated to the Mount Isa ore deposits. On 
the same basis the Eastern Creek Volcanics 
and the two isotopically distinguishable phases 
of the Kalkadoon Granite could be related to 
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Uranium Mineralization in the South Alligator River Valley 

D. E. AYRES and P. J. EADINGTON 

CSIRO Division of Mineralogy, Sydney, Austraha 

The South Alligator uranium deposits are located in the Northern Territory, 
Australia, south-west from the recent discoveries of Nabarlek, Ranger, 
Koongarra and Jabiluka. All five deposits occur in intensely folded Early 
Proterozoic rocks around the perimeter of the Kombolgie Formation, a flat-
lying Middle Proterozoic sandstone unit. It is proposed that during recon
stitution (weathering or diagenesis) of acid volcanic rocks, groundwaters 
leached uranium and percolated down into the groundwater system of the 
permeable sandstone and conglomerate unit at the base of the sequence. Ura
nium as uranyl ion was stable in relatively high Eh groundwater conditions 
and was carried in solution until active reducing conditions were met with 
which resulted in reduction of uranyl ion to insoluble UOo. Reduction occurred 
where faulting had brought underlying carbonaceous shales up against the 
sandstone aquifer, or where groundwater could percolate down permeable 

fault zones into the carbonaceous shales. These structural, chemical traps were 
sites of uranium accumulation. > 

I. In t roduct ion 

This investigation considers the geochemical 
factors which control uranium mineralization 
in the South Alligator River area, an area typi
cal' of the North Australian deposits. It was 
selected for study as a joint project with United 
Uranium N. L. Samples were collected from 
the mines and surrounding areas by the authors 
in 1970 and were supplemented by material 
collected for a previous study made by the 
Division of Mineralogy, Commonwealth Scien
tific and Industrial Research Organizadon 
(CSIRO). 
The principal Proterozoic Australian uranium 
deposits are situated ac Rum Jungle, 80 km 
south of Darwin; in the South Alligator and 
East Alligator Rivers area in the Northern 
Territory 320 km east of Darwin; and ac West
moreland a further 700 km to the east on the 
Northern Territory-Queensland border (Fig. I). 
The deposits in the South Alligator Valley 
we're discovered in the early 1950's and, until 
production ceased in 1964, had produced 

147077 tonnes of ore averaging 5.73 kg 
UgOj/tonne. The somewhat larger deposits 
closer to the Eiast Alligator River — Nabarlek, 
Ranger, Jabiluka and fCoongarra — were found 
between 1969 and 1972 and could be brought 
into producdon in 1975. 

The Alligator Rivers deposits occur in deform
ed, Precambrian geosynclinal rocks, at or near 
an unconformity with a flat-lying massive 
sandstone, the Kombolgie Formation, which 
has at its base a volcanic-conglomerate as
sociation dated by K-Ar at 1800 m.y. The 
Westmoreland group of deposits occurs in 
1800 m. y. old volcanics and conglomerates thac 
are correlated with the South Alligator vol
canic-elastic sequence (SOUTH 1972). 

The mineralization in both areas is essendally 
uraninite (variety pitchblende) occurring as 
vein-type lodes in faults or shears and associat
ed with either carbonaceous shales (or their 
metamorphosed equivalents) or basis dykes. 
Concordant age determinations of 850 m.y. 
for the pitchblende from seven of the deposits 
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have been reported (HILLS and RICHARDS 
1972; COOPER 1973); however the spread of 
data points indicates a complex history of 
element losses. 

n . Regional Geology 

The Darwin Alligator Rivers region (longitude 
131 °E to 134"E, Fig. 1) has a basement com
plex of Archean metamorphics overlain by 
deformed Early Proterozoic and undeformed 

Fig. 1. Regional tectonic environment of some 
Northern Australian uranium deposits (Geology 
after Geol. Soc. of Aust. 1971, Tectonic .Map of 
Austrdia and New Guinea.) 

Middle Proterozoic sediments. For approxi
mately 1300 m.y., the area has been a stable 
platform with subsequent sedimentation re
stricted to thin veneers of shallow water sed
iments, now largdy eroded. 
The Pine Creek Geosvndinc contains a fiysch-
like sequence of lutitcs and arenites which were 
eighth' folded during a deformation at approx
imately 2000 m.v., but remained unmetamo:-
phosed, or metamorphosed to a maximum of 
lower greenschist grade. Archean rocks out
crop at the margins of the Geosyncline and 
also occur as inliers in several places, suggesting 
that the region was part of an Archean shield 
area. This would explain the shallow nature of 
the geosvndinc and succeeding basins, and the 
lack of high-grade regional metamorphism in 
ancient sedimentary sequences. 
A prominent feature in the eastern part of the 
region is a sequence of flat-lying Middle Pro
terozoic (Carpentarian) sediments and vol
canics which unconformablv overlie the geo
synclinal sediments and form the basal rocks 
of the McArthur Basin to the east (Fig. 1). 
Deposition of the sequence commenced with 
volcanics which occurred simultaneously with 
the intrusion of granites into the geosynclinal 
rocks. The volcanics were overlain by a 2750 
metre sequence of terrestrial (conglomerate-
sandstone) and shallow water (shale-limestone) 
rocks which, apart from faulting, have re
mained undeformed and unmetamorphosed 
since deposition ended, a period of approx
imately 1300 m.y. 

Between the South Alligator and East Alligator 
Rivers there are several major strike slip faults, 
striking northwest. Some, at least, were initiat
ed in Carpentarian time, since they appear to 
have controlled the distribution of certain rock 
units (WALPOI.E el- al. 1968). There is also 
evidence for much later movement along some 
faults. The time-sequence of faulung in the 
region has not yet been properly established. 

I I I . Geology of the 
South Alligator River Area 

The area of study has been mapped in detail 
by company geologists (SHEPHERD 1962; 
TAYLOR 1970) and also by the Bureau of Min
eral Resources ( B M R ) . ( W A L P O L E el al. 1968). 
The summary below, depends largely on their 
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studies. A geological map of the South Alli
gator Valley and an interpretive cross-section 
illustrating the relationship of rock units are 
shown in Figure 2. 
The Early Proterozoic rocks are tighdy folded 
about N W - S E axes and have dips of 70-90". 
The Carpentarian rocks deposited above the 
unconformity are flat-lying and form a plateau 
bounded by high cliffs, with the Edith River 
Volcanics exposed at the base and the Kom

bolgie Formation exposed in the cliffs and on 
the plateau surface. There is a major fault zone 
extending NE—SW down the valley, parallel 
to the strike of the Early Proterozoic rocks. 
The only granitic rock in the immediate area 
is a microgranite and both it and the Edith 
River Volcanics have concordant ages of 
1750 m.y. (COMPSTON and ARRIE.NS 1968). 

The uranium deposits all occur near the Middle 
Proterozoic unconformity, in carbonaceous 
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shale and siltstone of the Koolpin Formadon, 
in sandstone of the lowest member of the Echth 
River Volcanics, and in faults that displace the 
volcanics. There is another uranium deposit 
at Sleisbeck, 32 km along strike to the SE, also 
in carbonaceous shale of the Koolpin For
mation. 

IV. Li thology and Geochemist ry of the 
H o s t Rocks 

In the following. description of rock units, 
much data has been taken from the geological 
reports already cited. Because of their close 
association with uranium minerali'zadon, the 
overlying acid volcanic rocks and the carbo
naceous shales of the Koolpin Formation were 
the subject of geochemical and petrographic 
studies by the authors. 

1. Early Proterozoic 

(a) Masson Formation — Stratigraphically 
underlying the Koolpin Formation is the 
Masson Formadon of the Goodparla Group. 
It consists of units, commonly 500—666 m 
thick, of interbedded arenite (medium-grained 
quartz greywacke) and lutite (red and buff-
banded siltstone). At depth, the unweathered 
siltstone may be catbonaceous and pyritic 
(WALPOLE et al. 1968, p. 32). The uranium 

contents of samples of the siltstone and quartz 
greywacke are 7 ppm and 1.5 ppm respecdvely. 

(b) Koolpin Formation — This Formation in 
the South Alligator Group comprises inter
bedded carbonaceous shale and cherty fer
ruginous siltstone, with restricted lenses of 
dolomite. The carbonaceous shales arc, in 
places, pyritic and contain lenses and nodules 
of chert. The essential minerals are quartz 

'and sericite, with kaolinite, siderite, chlorite 
and hematite being locally important. The car
bonaceous material was examined by differen
tial thermal analysis and was found to be similar 
in composition to semi-anthracite. 
Average analyses of carbonaceous shales from 
Palette, El Sherana, Coronation Hill and Rock-
hole mines are compared with an 'average' 
black shale from the United States in Table 1. 
(It is recognized that the Australian rocks are 
affected by minerabzation.) The major elements 
of the South Alligator shales have similar 

values to the 'average' black shale, but the trace 
elements B and Co are higher and Ca and Na are 
lower. The uranium content of carbonaceous 
shales from Palette, Rockhole and El Sherana 
mines are generally in the range < 3 0 ppm 
with occasional values up to 300 ppm. 

As a result of recent, and perhaps also Early 
Proterozoic, weathering, carbonaceous shales 
outcrop poorly and arc bleached to depths of 
about 16 m. Mine sections show bleached 
lenses within carbonaceous shale extending 
to depths of 100 m, which are claimed to be the 
result of hydrothermal alteration. However, 
no alteration mineral assemblages have been 
described and the bleached zones could equally 
well have been the result of surface waters 
penetrating along faults and shear zones. 

(c) Fisher Creek Siltstone — This formadon 
overlies and intcrfingers with the Koolpin 
Formation. It consists of a poorly bedded, 
monotonous sequence of brown and mauve 
siltstone with minor greywacke siltstone. The 
essential minerals are quartz, muscovite, feld
spar and chlorite. 

2. Middle Proterozoic 

These rocks belong to the Katherine River 
Group and unconformably overlie the Lower 
Proterozoic sequence. They consist of basal 
Edith River Volcanics overlain by the Kombol
gie Formation. In the area of the ore deposits, 
the Edith River Volcanics are represented 
by the Coronation Member overlain by the 
Pul Pul Rhyolite Member. 

(a) Edith River Volcanics — The Coronation 
Member in the Katherine River Group is a 
valley fill deposit overlying the Early Protero
zoic unconformity. It is predominantly sand
stone with some interbedded conglomerate, 
tuffaceous sediments and rhyolite. The sand
stone consists of quartz grains with a matrix of 
kaohnite and dickite. Analyses of unmineralized 
sandstone and rhyolite from this Member are 
listed in Table 3. 

The Pul Pul Rhyolite Member consists of__ 
rhyolite, ignimbrite and tuff. (The terminology 
of South Alligator volcanic rocks is inexact, 
since the so-called rhyolites are probably a 
complex mixture of ignimbrite, rhyolite and 
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tuff. The term rhyolite is used here to cover 
all rock types.) 
.\ll these rocks have been reconstituted and the 
most common mineral assemblage consists of 
quartz phenocrysts (often with overgrowths) 
in a fine-grained groundmass of quartz, kaolin
ite and hematite. Locally, there may be feld
spar phenocrysts (largely sericitized) and chlo
rite and sericite may be present in the ground-
mass. 

Clearly, this is not a primary mineral assemblage 
and since the volcanics appear to resist 
modern chemical weathering, it is thought to 

Table 1. Comparison of analyses of carbonaceous shales 

result from deuteric alteration at the time of 
eruption, or subsequent diagenesis. 
The Edith River Volcanics and the Pul Pul 
Rhyolite in particular are known to have above 
background radioactivity (STEWART 1965). 
STEWART suggests that the radioactivity origina
tes in minute grains or intergranular films of 
uranium minerals and attributes radiometric 
anomalies (e.g. Charvats Prospect) to local 
accumuladon of secondary uranium minerals. 

(b) Kombolgie Formadon — This consists of 
1730 m of sediments (quartz greywacke, con
glomerate) and minor volcanics (tuff, undiffer-

Average 
Black 
Shdei 

Average Analyses (%) 

AI2O3 
Si02 
Fe 
Mg 
P 
Ti 
C 

Minor 

B 
Ba 
Ca 
Co 
Cr 
Cu 
Ga 
M n . 
Mo 
Na 
Ni 
Pb 
Sc 
V 
W 
Y 
Zr 
U 

13.3 
— 

2.0 • 
0.7 

0.2 
3.5 

and Trace Elements {pp 

50 
300 

1500 
10 

100 
70 
20 

150 
10 

7000 
50 
20 
10 

150 
— 
30 
70 
— 

South Alligatoi 

Rockhole 

19 
69 
3.3 
1.4 
0.2 
0.4 
3.0 

m) 

340 
314* 
455* 

38* 
118 
267 
31 

302 
4* 

305 
62 
66* 
13* 

614 
100* 

47* 
120* 
131 

: Black Shales 

El Sherana 

18 
68 
2.8 
0.8 
0.3 
0.3 
5.2 

257 
320* 
480* 

57* 
83 
86 
29 
35 
10* 

200 
63 
36* 
15* 

216 
255* 

84* 
116 
•84 

Palette 

14 
77 
0.5 
3.3 
0.2 
0.7 
0.7 

330 
400 
367 
37 

417 
27 
30 
32 

1* 
250 
47 
30 
32 

400 
150 
25 
87 
50 

Coronation 
Hill 

21 
70 
1.3 
2.3 
0.2 
0.6 
1.1 

500 
400 
330 
27 

117 
9 

28 
37 

' 1* 
667 
133 

10* 
33 

183 
100 
27 

117 
20 

All Shdes 

18 
69 

2.8 
1.5 
0.2 

. 0.4 
3.3 

330 
330 
444 

42 
132 
177 
30 

186 
5 

302 
67 
51 
17 

454 
146 
54 

116 
103 

1 Ref. VINE and TOURTELOT, 1970. 
* These median values are probably slightly high since substitutions were made for results below the 

limit of detection. (.Mo(3), Pb(15), Sc(8), W(150), Y(10), Zr(lOO)). 
Major and minor elements by semi-quantitadve optical emission spectroscopy. Uranium by X-ray fluor
escence spectroscopy. 
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Table 2. Geological features nf Saiilh Alligator uranium deposits 

El Sherana Palette Rockhole 

' Uranium Mineraliz 

f Table 2 (condnucil 

Mineralogy 

Electron microprobe 
analysis of 
pitchblende 

Gangue 

Host rock 

pitchblende, secondary U 
minerals; minor galena-
clausthalice, pyrite, marca
site, Co-Ni arsenides, Cu 
sulphides 

U Pb Fe Si U/Pb 
80.4 7.0 0.4 0.2 11.6 
80.9 7.4 0.8 0.3 11.0 

red and grey chert, quartz 
veinlets 

ferruginous siltstone and 
carbonaceous shale, sec
ondary deposit of open 
cut in sandstone and 
rhyolite 

pitchblende, U secondary 
minerals; minor galena-
clausthalite, coloradoite, 
pyrite, marcasite, gold 

U Pb Fe Si U/Pb 
77.5 10.7 0.6 0.2 7.3 
74.1 11.3 0.3 0.4 6.6 

siliceous gangue, apatite, 
introduced in to host 
sandstone 

sandstone 

Texture lenticular pitchblende 
masses in a fault zone 
enveloped by secondary 
mineralization, abundant 
spherical nodules of 
pitchblende 

Pitchblende present 
Carbonaceous shale present 
Gold ' present 
Fault present 

"Shape 

Vertical extent 

Size (tonnes pre) 

Relation to igneous 
rocks 

tabular ore body tapering 
with depth 

120 ft (36.6 m) 

61200 

rhyolite overlying deposit 

rich ore shoots along a 
fault, spherical nodules 
of pitchblende imperfectly 
developed 

present 
present 
present 
present 

100 ft (30.5 m) 

5100 

rhyolite overlying deposit 

pitchblende; minor claus-
thalite, eskebornite 
pyrite, marcasite, chal
copyrite, rare U sec
ondary minerals 

siderite 

carbonaceous shale and 
chert, at higher levels 
near the unconformity, 
sandstone host 

narrow veins of pitch
blende similar to Pal
ette 

present 
present 
present 
present 
ore shoots form a rib-, 
bon dipping to west 
along a fault zone 

200 ft (61 m) 

13260 

rhyolite overlying de
posit and in fault con
tact with host rocks 

entiated volcanics and a basalt member), con
formable, and in places disconformable, over 
the Edith River Volcanics. 

V, Mineral Deposi ts 

The location of the known uranium deposits 
in the South Alligator Valley is shown in 
Figure 2, and a comparison' of pertinent 
geological features of the deposits is presented 
in Table 2. The deposits are of two types. 

those containing uraninite (variety pitchblende) 
with or without uranium ochres, and those 
consisting entirely of uranium ochres. The 
uranium ochres, often called "secondary" ura
nium minerals, are the brightly-coloured min
erals such as the torbenite and metatorbernite 
groups which contain uranium in an oxidized 
(six valent) state, and may form either bv 
oxidation of uraninite or by direct precipita
tion in an oxidizing environment. This paper 

Oaronation Hill 

pitchblende, U 
secondary minerals 
minor pyrite, Cu 
sulphides 

minor quartz 
veinlets 

tuffaceous rocks 
intimately asso
ciated with car
bonaceous shale 
and siltstones 

sooty variety of 
pitchblende, somi 
pitchblende veinh 

[ 
present . 
present r 
present 
present ' 

a number of ore 
shoots at higher 
els, at lower level 
body is pipe li'̂ *̂  

180 ft (55 m) 

26520 

rhyohte host for 
part of deposit ir 
mately associatec 
with other host r 

deals in detail c 
The pitchblenc 
faults and tht 
between the pf 
carbonaceous si 
were located at| 
unconfocmity, j 
from 15 m uf] 
holds true foi; 
in the region , 
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Rockhole 

pitchblende ,• minor claus-
thalite, eskebornite 
pyrite, marcasite, chal
copyrite, rare U sec
ondary minerals 

•y 
:na-
)ite. 
Id 

J/Pb 
'.3 
i.6 

ite, siderite 

t ly 

present 
present 
present 
present 

ore shoots form a rib
bon dipping to west 
along a fault zone 

200 ft (61 m) 

13260 

rhyolite overlying de
posit and in fault con
tact with host rocks 

tc (variety pitchblende) 
im ochres, and those 
uranium ochres. The 
died "secondary" ura-
TJghtly-coloured min-
te and metatorbernite 
anium in-an o.xidized 
may form either by 
• by direct predpita-
ronment. This paper 

carbonaceous shale and 
chert, at higher levels 
near the unconformity, 
sandstone host 

narrow veins of pitch
blende similar to Pal
ette 

Coronation HiU Saddle Ridge Scinto 6 SkuU Koolpin 

pitchblende, U 
secondary minerals 
minor pyrite, Cu 
sulphides 

all 'secondary' 
uranium minerals 
trace pyrite 

'secondary' uranium 
minerals ody 

pitchblende, 
secondary U 
minerals; minor 
gold, Cu 
mineralizadon 

pitchblende, 
secondary ura
nium minerds 

minor quartz 
veinlets 

tuffaceous rocks 
intimately asso
ciated with car
bonaceous shale 
and siltstones 

no introduced gangue, 
some chdcedony 

Early Proterozoic silt
stone and Middle Pro
terozoic tuffaceous 
sandstone and volcanics 

sooty variety of secondary U minerals 
pitchblende, some filling joints and 
pitchblende veinlets fractures 

present not present 
present not present 
present not present 
present present 

a number of ore 
shoots at higher lev
els, at lower levels ore 
body is pipe like 

180 ft (55 m) 80 ft (24.4 m) 

26520 30600 

no introduced 
gangue 

rhyolite 

uranium ochres 
filling joints and 
fractures 

not present 
not present 
not present 
present 

no introduced 
gangue 

sandstone 

pitchblende 
veinlets, no
dules, sooty 
pitchblende 

present 
present 
present 
present 

no introduced 
gangue 

carbonaceous 
shde and ferru
ginous sUtstone 

sooty pitch
blende and sec
ondary U min
erds in tfiin 
stringers occu
pying fractures 

present 
present 
not present 
present 

rhyolite host for 
part of deposit inti
mately associated 
with other host rocks 

tuffaceous rocks, 
host 

120 ft (36.6 m) 

1734 

rhyolite host 

534 

rhyohte overly
ing deposit 

50 ft (15.2 m) 

2244 

iSliddle Protero
zoic rocks re
moved by ero
sion 

deals in detdl only with the uraninite deposits. 
The pitchblende deposits were all located on 
faults and there was a spatial correladon 
between the presence of pitchblende, gold and 
carbonaceous shales (see Table 2). All deposits 
were located at or near the Middle Proterozoic 
unconformity, with a verticd extent ranging 
from 15 m up to a maximum of 90 m. This 
holds true for many other uranium deposits 
in the region 

The ore was predominandy massive and dis
persed uraninite with a coUoform habit, i.e. 
the pitchblende variety, and occurred in masses 
of up to about 50 kg. Assodated minerals were 
pyrite ( < 2 % ) and sparse Co-Ni arsenides, 
gdena, clausthdite (PbSe) and nadve gold. 
The gangue was chiefly country rock (shde, 
sandstone, chert) with some quartz and, at 
the Rockhole mine, siderite (THREADGOLD 
1960). 
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Table 2. Analysis of main rock types in the South Alligator l^alley 

Major Elements (%) 

S Fe as 
Si02 AI2O3 FeaOa MgO CaO Na20 K2O TiOa PzOg MnO COa HzO" H2O+ 

Mdone Creek 
Granite 
Edith River 
Volcanics 
(Undifferentiated) 
Pul Pul Rhyolite 
Coronation 
Member (Rhyolite) 
Coronation 
Member 
(Sandstone) 
Fisher Creek 
Siltstone 

74.4 

72.5 

69.5 
71.0 
71.7 

84.1 

59.5 

12.28 

12.92 

9.33 
17.93 
13.11 

5.54 

19.46 

1.62 

3.27 

7.19 
1.80 
1.59 

1.14 

6.73 

0.20 

0.66 

2.16 
<0.17 

0.53 

<0.17 

2.04 

<0.14 

<0.14 

<0.14 
<0.14 

0.69 

<0.14 

<0.14 

0.07 

0.03 

0.05 
<0.007 

0.48 

<0.007 

0.05 

8.08 

3.55 

2.35 
0.11 
5.53 

1.51 

6.17 

0.03 

0.15 

0.60 
0.22 
0.08 

0.13 

0.70 

<0.02 

0.02 

0.09 
0.09 

<0.02 

0.09 

0.11 

<0.01 

<0.01 

0.06 
<0.01 

0.06 

<0.01 

0.09 

0.22 

0.46 

0.39 
0.14 
0.60 

0.17 

0.22 

0.28 

0.49 

0.61 
0.29 
0.47 

0.20 

0.69 

1.03 

2.49 

2.97 
6.57 

. 1.56 

1.22 

3.79 

Minor Elements (ppm) 

B Ba Co Cr Cu Ga Mo Ni Pb Sc Th U V Zr 

Mdone Creek 
Granite 
Edith River 
Volcanics 
(U ndifferentiated) 
Pul Pul Rhyolite 
Coronation 
Member 
(Rhyolite) 
Coronation 
Member 
(Sandstone) 
Fisher Creek 
SUtstone 

60 

40 

1 20 
20 
40 

100 

10 

n300 

n300 

n300 
n300 
n300 

N.D. 

2000 

n20 

n20 

20 
n20 
n20 

<20 

30 

150 

80 

200 
80 

100 

300 

100 

6 

20 

8 
6 
6 

10 

4 

25 

20 

15 
20 
15 

8 

30 

4 

n3 

n3 
n3 
n3 

3 

< 3 

nlO 20 nlO 48 

nlO 20 nlO 32 

30 n20 10 16 
10 20 nlO 42 

nlO 40 nlO 56 

35 <10 40 200 

25 <10 20 300 

nlO 60 10 250 
10 15 30 200 
20 nlO 60 200 

20 <20 nlO N.D. 10 40 15 100 

40 <20 N.D. N.D. <10 100 15 - 100 

Major elements, and U, by X-ray fluorescence. Minor elements by opticd emission spectroscopy. Th by spectrophotometric andysis. 
N . D . = not detected. nx means element line could not be detected; sensitivity for that element x ppm. 
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1400'(427 m) 

1)00'1396 ml 

1200'13(6 ml 

1100'(33Sm) 

1000'1305 m). 

900'(274ml 

800'(244 m) 

Trice Clement Content ol 

Cerboniceous Shile 

Average ol 

U V 
ppm ppm 

290 1000 

155 325 

Samples 

C 
» 

21 

3-4 

Year 
collecled 

1970 

1968 

V V 

V V 

V V V V V 

V V V V V 

V V V V V 

V V V V V V 

V V V V V 

• V V V V V 

» f V V » V V 

V V ' V V V V 

No.l level 
84 300 1-5 1968 

V V L \ , \ \ ' 820' (250m I Adit level [ 
c V V ' ^ V (projected east) 1 

37 

10 

250 

10 

3-5 

0-5 

1970 

1968 

?a^r 

E 3 ^ M " l «h ">»•' Volcanics 

IA''^^ Koolpin Formation 

F Fault 
^ V l Stoped area and mine opening 

Fig. 3. Composite cross-section through Rockhole mine (fadng east) 

* 1970 samples collected In sltu; 

1968 samples Irom adit dumps 

Because of the close spatial reladonship be
tween the ore deposits and carbonaceous 
shales, a study of the trace element geochem
istry of the shales was made on two scales: 
by statisticd analysis, on a suite of 59 samples 
collected from deposits up to 16 km apart; 
and by determination of trace element varia-
uons in the wallrocks of a single deposit, 
namely the Rockhole mine. This mine was 
chosen because it was more accessible (although 
not completely) and had a more regular shape 
than the other mined deposits. 

1. Rockhole Mine 

The mine has produced 13260 tonnes of ore 
averaging 11.1 kg UgOg/tonne taken from a 
number of smdl slopes, about 3 m wide and 
up to 15 m high, which were located along 
the 600 m strike length of a fault zone and over 
a verticd range of 91 m. Ore grades decreased 
with depth and at the lower level (820 ft 

(250 m)) were only 0.45 kg '\JJD^jtonn&, 
considerably lower than the average for the 
mine. The host rocks are the basal sandstone 
member of .the Edith River Volcanics and car
bonaceous shdes (with thin interbedded chert 
bands) of the Koolpin Formation faulted 
agdnst a ferruginous rhyolite member of the 
Edith River Volcanics. 

The most significant trace element data for 
the Rockhole mine are summarized in Figures 
3 and 4. In Figure 3 the U, V and C concentra
tions shown are the average of several samples 
taken along the line of load for each of tliree 
levds, 820 ft (250 m), 1080 ft (329 m) and 
1240 ft (378 m), with data for samples from 
adit dumps and those collected in situ presented 
separately. The systemadc decrease in the U 
and V content of carbonaceous shales with 
depth, contrasts with the varying distribudon 
of carbon, wWch at each level has a broad 
distribudon of vdues. The elements Cu, Ni , 
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Hematlzed volcanic 
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27881 
278(0 
27861 
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27863 
27864 
2T865 
27866 

Carbonaceous shale 

Siliceous carb. shale 
Ferruginous carb. shale 

Fig. 4. Geochemical profile along part of Rockhole 1 adit 
(820' level) 

Co and Ga have the same distribution as for 
U and V. 

A number of samples were taken from the 
line of the lode out into the carbonaceous 
shde wallrocks. The samples were taken along 
an access adit at the 250 m level, from the 
fault, extending in a southerly direcuon for 
100 m. Figure 4 shows a plan of part of the 250 
m level, with the fault contact of carbonaceous 
shde agdnst volcanics and line of lode, the 
access adit, and location of samples taken 
d o n g the section AA' . Above this, are shown 
trace clement data for the samples, which 
have the following features. The erratic carbon 
vdues noted previously are well illustrated 
here, with a range of 0 . 1 % to 7.0%, com
pared with U and V, which are independent 

i 
Sirite 

0-8 

; 0-4 

1 0-0 

•' 5 * 4 

-0^8 

\ v ,o ; ; 
K^sr ">-^ 

<:1^ — b - ^ 
- . • \ 

t 1 

of C, and increase systemadcally in the car
bonaceous shales towards the fault, dropping 
to low vdues in the footwdl volcanic rocks. 
B, Na and Ni also show this pattern. 
The C content of the carbonaceous shales, 
then, depends on their stradgraphic posidon 
and thus on the original deposidonal com
position of the rock. U and V distribudons are 
independent of C, and therefore rocktype, and 
instead they have two controls that indicate 
an epigenedc origin — faulting, and reacdon 
with wallrock. The fault control is evident 
and the reaction with wallrock is seen in the 
higher element concentrations in carbonaceous 
shale to the south of the fault (Fig. 4) and lower 
concentrations in the volcanics to the north 
of the fault. 

Data (rom Carr 

Fig. 5. Eh-pH 
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System U - H , 0 Syslem Th - H,0 

System V - H,0 
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volcanic 
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Fig. 5. Eh—pH equilibrium diagrams at 25 °C (Cross-hatched areas represent insoluble spedes) 

2. E l Sherana Mine 

Additional evidence for the uranium-carbo
naceous shale reladonship was obtained at the 
El Sherana minC; where samples collected at 
two siltstone-carbonaceous shale contacts 
both showed higher uranium on the shde 
side of the contact. One of these is illustrated 
in Figure 4. These data, combined with the 
observadon that ore shoots at El Sherana 
were mostly at siltstone-carbonaceous shde 
contacts, are strong evidence of the control 
that carbonaceous shale has had over miner
alizadon and suggests a reaction between the 
ore fluid and the shdes. Since carbonaceous 
shales are noted for their reducing properties 
(TAYLOR 1972), a redox control of uranium is 
most likely, and this opinion is supported by 
consideration of the elements associated with 
uranium and their redox stability fields. 

Most notable is the uranium-vanadium associa
tion which has also been observed for Colorado 
Plateau deposits. (There is a striking similarity 
between Figure 4, and Figure 51 in GARRELS 
et al. 1959). Figure 5 includes Eh-pH diagrams 
for U and V at 25 °C (GARRELS and CHRIST 

1965). These show that at a pH about 7, U 
and V have a similar Eh response. In surface 
water (Eh- |-0.5 V at ph 7) and groundwaters 
(slighdy lower Eh) the stable phases for both 
elements are soluble and they will be trans
ported; indeed, under these Eh-pH conditions 
they will be leached from rocks having any 

available U and V and taken into solution. If, 
however, the Eh drops to values of about 0.0 V 
(at p H 7), and this is the case for near equilibri
um conditions in the presence of carbonaceous 
material, the stable phases for U and V are 
insoluble and they will precipitate. 

The geochemistry of the other elements asso
dated with U is more complex, but they too 
could have been transported by groundwater 
and precipitated by interaction with carbona
ceous shales (POURBAIX 1966; GARRELS and 
CHRIST 1965). 

3. Tfje Deposits in General 

In the statistical analysis of 59 samples collect
ed frohn four ore deposits, linear correlation 
coeffidents were determined for the 23 ele
ments analysed. Of these, only seven showed 
significant positive associations (at the 95% 
confidence limit level) with uranium (Table 4). 

Table 4. Significant element correlations tvith uranium 

Confidence levd 
99% 95% 

A. All carbonaceous shales 

B. Rockhole shales 
El Sherana shdes 
Pdette shales 

Cu V 

CU 

V 

Ga 

V C r Z r 
Zr 
Ba SiOz 

¥ • • : • 

? • 

t 



,u^.>.^.:a.taS^«g;^-Q^-aktf^^^M'^.>^.»^^ 

D. E. AYRES and P. J. EADINGTON Uranium Mine 

The significant element associations for ura
nium were considered in two groups — A, 
in which all shales were analysed together, 
and B, in which the shales from the Rockhole 
mine. El Sherana, and Pdette were considered 
separately. 
Considering dl the carbonaceous shales, it is 
dear that U is strongly assodated with Cu, 
V and Ga. From the data of VINE and TOUR
TELOT (1970) it would appear that Cu, V and U 
can be related to either the organic fraction or 
the minor-element fraction of the shdes. 
The association of U and Ga is with the detrital 
fraction. From the statistical data, it is also 
dear that U is not related in any way to varia
tion in the totd carbon of the shales (totd 
carbon = organic carbon -f- mineral carbon) 
since a negative correlation at the 90% level 
is shown. Thus, although U is present in most 
of these carbonaceous shdes (average 96 ppm), 
those with fiigh total C do not necessarily 
contdn high U values. 
This result is more in accord with the hypo
thesis that the carbonaceous shales have pro
vided a suitable reducing environment for 
uraniuii! to precipitate and that it associates 
with multivalent Cu and V, than with the 
hypothesis that carbonaceous matter has con
centrated the uranium during deposition. In 
the latter case, U could be expected to asso-
date with organic matter, and the high U 
values would correlate with high carbon. 
When the shales are grouped according to 
location (Table 4, group B), a strong correla
tion between U and V is observed only for 
Rockhole and El Sherana mines. (Zr and Cr 
apparently indicate a lesser association with 
the detrital fractions.) With the Palette samples, 
however, the assodation is with Ba and Si02, 
which would seem to indicate that U is associat
ed with these elements in secondary minerals. 
The data presented so far, can be accounted 
for by a mechanism involving transport of 
uranium as uranyl complexes in groundwater 
(or artesian water) in the sandstone conglo
merate aquifer above the unconformity. Where 
the underlying shdes (wliich would otherwise 
have been isolated by a weathered zone prod
uced during Middle Proterozoic erosion) have 
been brought into contact with the ground
water by faulting, suitable conditions would 
have existed for the subsequent reduction and 

Such a mechanism Table 5. Comp precipitation of uranium, 
would explain: 

1. the pitchblende/carbonaceous shde assoda
tion, 

2. the decreasing ore grades and trace element 
distributions in wallrocks with depth, 

3. the location of the orebodies at the uncon
formity and limited verticd extent below 
that, 

4. the fault control of orebodies, 

5. the trace element assodations of uranium, 
and is in agreement with the known behaviour 
of uranium under varying Eh conditions. 

The source of the uranium in this groundwater 
is suggested to be the acid volcanics near the 
base of the Carpentarian sequence. Uranium 
is known to be a mobile element in surface 
and near-surface conditions and since the Edith 
River Volcanics have been reconstituted, ura
nium could have been released during altera
tion of primary mineral assemblages. Most acid 
igneous rocks in the Darwin-Alligator Rivers 
areas have higher-than-average radioactivity, 
and abnormally high radioactivity is common 
for the Edith River Volcanics (STEWART 1965). 
Our analyses indicate up to 25—30 ppm U 
for the volcanics and since ROSHOLT and 
NOBLE (1969) and ROSHOLT et al. (1971) have 
shown that crystallized volcanic rocks have 
probably lost 60% of their original uranium, 
the original values for the Edith River Vol
canics were probably higher. Additional evi
dence for uranium loss is obtained from the 
Eh-pH diagrams for U and Th. Under most 
natural Eh-pH conditions Th has only one 
stable compound (ThO,), which is essentially 
insoluble. This contrasts with the mobile 
element uranium, which may have one of 
severd forms (Fig. 5). Under oxididng condi
tions, the comparatively soluble uranyl ion 
is the stable compound. Uranium and thorium, 
therefore, are fractionated during surface and 
near-surface processes and the Th/U ratio may 
be used as an indicator of the extent of uranium 
leaching frorn these volcanic rocks. 
Table 5 compares U, Th data on the acid Edith 
River Volcanics with the average for similar 
rocks throughout the world. The element 
concentrations are higher than for average 
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Table 5. Comparison tvith xvorld averages. 

Rock Type Th (ppm) 

Range of 
Variation 

Reported Rhyohtes* 6.0-56.0 
Edith River Volcanics 12.0-56.0 

of U and Tb 

Arith. 
Mean 

. 27.8 
33.1 

in Edith River Volcanics 

U (ppm) 

Range of 
Variation 

2.0-35.0 
8.0-35.0 

Arith. 
Mean 

8.4 
13.4 

Th/U 

Range of 
Variation 

1.5-2.5 
1.3-5.5 

Arith. 
Mean 

2.1 
2.8 

AYRES and P. J. EADINGTO>. Uranium Minerdization in the South Alligator River Valley 

mum. Such a mechanism 

irbonaceous shde associa-

; grades and trace dement 
allrocks with depth, 

; orebodies at the uncon-
ed vertical extent below 

F orebodies, 5 

associati'ons of uranium, 
ith the known behaviour 
j^ing Eh conditions. 

ium in this groundwater 
a d d volcanics hear the 

ian sequence. Uranium 
ibile element in surface 
ions and since the Edith 
been reconstituted, ura-
released during altera-
assemblages. Most acid 
>arwin-Alligator Rivers 
i-average ratiioactivity, 
idioactivity is common 
canics (STEWART 1965). 

up to 25—30 ppm U 
since ROSHOLT and 

IOLT et al. (1971) have 

volcanic rocks have 
fieir original uranium, 
the Edith River Vol-
gher. Additional evi-
is obtained from the 
and Th. Under most 
ns Th has only one 
\, which is essentially 
ES with the mobile 
I may have one of 
ider oxidizing condi-

soluble uranyl ion 
tanium and thorium, 
1 during surface and 
the Th/U ratio may 

he extent of uranium 
uc rocks. j, 

ita on the add Edith ', 
average for similar \ 
odd. The element 

than for average ^ 

39 

•lMBO(t/a/ . (1968). 

rhyolites but fall within the reported range. 
The average Th/U ratio of 2.8 is, however, 
above the range of 1.5—2.5 for other rhyoUtes. 
It could be expected, then, that the Edith 
River Volcanics originally had a Th/U ratio 
in the region of 2.1, but that subsequent loss 
of U relative to Th has resulted in the higher 
ratio. 
If it is assumed that 10 ppm U have been 
leached from the Edith River Volcanics, cal
culations show that 3 km^ of rock would 
have provided all the uranium which was 
extracted from the deposits. If it is further 
assumed that the volcanics are 66 m thick — 
a conservative estimate in view of the 300 m 
recorded near Mdone Creek Granite (STE-' 
WART 1965) — this would correspond to an area 
of volcanics of 5 km X 9 km, which is only 
a small fraction of the area of the South 
Alligator Valley (Fig. 2). 

VI. D i scuss ion 

Hypotheses previously put forward for the 
origin of the uranium deposits have considered 
two possible modes: 1) syngenetic deposition 
of uranium in carbonaceous shales of the Kool
pin Formation and its later concentration by 
supergene processes (CONDON and WALPOLE 

1955; PRICHARD 1965) and 2) deposition of 

uranium from ascending mineralizers (SHEP
HERD 1962; THREADGOLD 1960). 

Considerations which are inconsistent with 
these hypotheses are as follows. 

1. Although syngenetic uranium in the car
bonaceous shales is at a concentration level 
higher than in the average shale, study of the 
geochemical association of uranium and other 
dements in the shales makes supergene enrich
ment appear unlikely. In addition, age relations 

suggest that the ores were formed in post-
Middle Proterozoic time when there was a 

.sediment cover of approximately 330 m. E h 
conditions in the carbonaceous shde would 
therefore have been highly reducing, thus 
rendering the uranium immobile, even if it 
were only adsorbed on days or organic matter. 

2. Introduction of uranium by ascending 
minerdizing solutions is d s o urilikdy since, 
as the deposition of U was redox controlled, 
any precipitation would be expected to have 
commenced at depth, thus resulting in fiigher 
ore grades at depth — the reverse of what is 
observed. The solutions at depth would d s o 
be expected to be of very low Eh. Additiondly, 
such ascending minerahzers would not neces
sarily show the established close spatid rela
tionship of ore with the Middle Proterozoic 
unconformity. 
Preliminary data (Table 6) from sulphur iso
tope measurements of minerds assodated with 
the pitchblende ores suggest that a high-
temperature hydrothermd origin was not 
feasible. The (5S^* values have a wide spread, 
t)'pical of a low-temperature sedimentary source 
for the sulphur and not resembling the 
narrow range to be expected from sulphur 
of magmatic origin or from sulphur equiU-
brated at high temperatures during meta
morphism. 
I t must be noted, however, tliat these residts 
are for ordy a limited sampling from the ore 
deposits and need to be verified by additiond 
measurements. 

V n . Conclus ions 

It is concluded that the South Alligator pitch
blende deposits were predpitated from ground
water, the ultimate source of uranium being 

^g^:il4?^.^' %?f^ '<m^/^- '^^^ 
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Table 6. ^S"* determinations for ore sulphides 

Sample No. Locality Minerd 

D. E . AYRES and P. J. EADINGTOM 

dS*« 

27843 
27844 
27880 
27922 
27923 
27939 
27953 

Rockhole 
Rockhole 
Rockhole 
El Sherana 
El Sherana 
El Sherana 
El Sherana 

Pyrite in fractures in sediment 
Pyrite in fractures in sediment 
Pyrite in fractures in sediment 
Massive galena in ore 
Coarse galena in ore 
Pyrite in carbonaceous shale 
Pyrite in veins in pitchblende 

-1-12.3 
• - f l l .5 

-1-11.7 
— 3.4 
-flO.4 
— 1.2 
— 5.6 

the Edith River Volcanics, particularly the 
Pul Pul Rhyolite Member and igneous com
ponents of the Coronation Member. The 
minerdogy of the igneous material of these 
rock units indicates that the rocks have under
gone dther weathering and oxidation or dia
genetic recrystallization, either of which would 
aid the leaching of uranium by groundwater. 
The uranium-bearing groundwater percolated 
down to an aqiufer, the sandstone-conglomer
ate unit at the base of the volcanics, which 
rested unconformably on essentially imper
vious shdes and siltstones. Uranium was 
stable in the groundwater as a complex of the 
uranyl ion, provided there was no active 
reduction, in which case reduction of uranium 
to the insoluble UOg (pitchblende) would 
occur. It is suggested that precipitation of 
pitchblende (or a finely dispersed precursor) 
occurred where faulting brought the uranium 
into contact with the reducing action of 
carbonaceous shales. This conclusion is sup
ported by the close association of pitchblende 
with faulting of carbonaceous shde against 
the overlying rocks. 

On a regional scale, the availability of 'leach
able' uranium would have been controlled 
by the extent of Carpentarian volcanics, and 
the migration of uranium-bearing ground
waters would have been influenced by the 
structure of the aquifer. Thus groundwaters 
would have been channelled away from struc
tural highs in the Early Proterozoic uncon
formity surface and from anticlines in the 
Middle Proterozoic rocks. It is possible that 
bade igneous rocks, as well as carbonaceous 
shale, may have been reducers of uranium. 
The striking similarity between the geological 
setting of the Koongarra deposit (PEDERSON 

1973) and that of the South Alligator deposits 
suggests that the ore formation processes may 
have been similar also. However, there is an 
obvious need for additional studies to character
ize other uranium deposits in the region and 
to test whether this hypothesis can be extended, 
or modified, to explain their origin. 
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On the Geochemistry and Origin of the D Tree, Wonarah, and 
Sheriin Creek Phosphorite Deposits of the Georgina Basin, ' 

Northern Austraha 

P E T E R F . H O W A R D AND M . J. H O U G H 

A b s t r a c t 

• The early Middle Cambrian ])hosphorites of the Georgina Basin were deposited in 
shallow nearshore marine environments varying from lagoonal, estuarine, littoral, to 
intertidal. Some deposits show penecontemporaneous erosion by stream channels in 
addition to subaerial weathering during periods of regression. There are three distinct 
types of phosphorite: mudstone phosphorite, replacement phosphorite, and pelletal phos
phorite, the latter two were formed by diagenetic phosphatization of carbonate skdetal 
sands, biodastic and micritic limestones, and dolomites. By comparison, the mudstone 
phosphorite, which predominates in the three deposits studied, shows little textural evi
dence of such an origin and has been accepted as an orthochemical sediment. However, 
this paper proposes a diagenetic origin identical to the other types. 

Some fifteen known deposits occur over a distance of about 1,000 km along the 
periphery and insular portions of the basin. The geochemistry of two of these deposits, 
D Tree and Sherrin Creek, which lie 75 km apart on the eastern edge of the basin, has 
been studied and compared with that of the Wonarah deposit, which lies within the basin 
200 km to the west. Fifty-eight analyses reveal four element associations: apatite 
group (Ca, P, F ) , clay group (Al, K, Ti, Cr, Z r ) , heavy minerals group (Fe, Mn, Zn, 
Ni, Cu), and a leached group. Although the elements Na, S, CO2, Y, La, Ce, Sr, U, 
and Th correlate with apatite in the little-leached Sherrin Creek deposit, they exist as a 
separate leached group, or correlate with days, in the more leached D Tree and 
Wonarah samples. Ba, V, Cu, and Pb do not behave to a consistent trend. The 
strongest correlations in the leached deposits are at a lower level of significance than at 
D Tree. 

Intense Cenozoic weathering extends beyond the maximum known depth of phos
phorite. It, together with certain though unquantifiable Cambrian subaerial weathering 
effects, has been responsible for leaching, increasing in the order Sherrin Creek, D Tree, 
and Wonarah. Uranium, Th, La, Ce, Y, Ba, Sr, NaoO, SO3, and CO2 are leached from 
the system to the extent of 45 to 80 weight percent. Comparison of the composition of 
leached and unleached phosphorites suggests there were discernible differences in the 
geochemistry of waters in the different embaj'inents at the time the phosphorites were 
formed. 

I n t r o d u c t i o n 

T H E early Middle Cambrian phosphorite deposits of 
of the Georgina Basin .in northern Australia, dis
covered in the period 1966-1968, comprise fifteen 
known deposits occurring over a distance of approxi
mately 1,000 km along the periphery and insular por
tions of the basin (F ig . 1 ) . They contain proven, 
indicated, and inferred reserves approaching 4 bil
lion tons. Due to economic factors, none of the de
posits are currently in production. Duchess having 
ceased operations in August 1978. The exploration 
techniques, history of the exploration activity, and 
discovery of these deposits is best covered by Thom
son and Russell (1971)-and Howard (1971) . 

The phosphorites are located in the Beatle Creek 
Formation and various lateral equivalents such as 
the Wonarah Beds and the Burton Beds. Since 

then, de Keyset (1973) and Cook (1976a) have 
proposed a framework of magnafacies defining litho-
soiiies to correlate the numerous lithostratigraphic 
and biostratigraphic names into mappable rock units. 

F igure 1 is a paleogeographic map showing the 
distribution of the phosphorite deposits with respect 
to the lithosomes which comprise the early Middle 
Cambrian sedimentary sequence. I t can be seen that 
they everywhere overlie either Precambrian base
ment rocks, early Cambrian basic volcanics, or locally, 
on the fringes of the basin, the basal sandstone-con
glomerate lithosome. 

T h e geology and origin of some of the phosphorite 
deposits have been well described since they were 
found by de Keyser (1968, 1969, 1973), de Keyser 
and Cook (1972) , Cook (1972) , Russell (1967) , 
Russd l and Trueman (197.1), Fleming (1974, 1977), 

260 
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FIC. 1. Generalized paleogeographic map of the northeastern portion of the Georgina Basin 
showing the distribution of the early Middle Cambrian lithosomes and phosphorite deposits, 
(after Howard, 1972; and Cook, 1976a). The dotted lines indicate the approximate position 
and the reduceti level (AMSL) of the top of the phosphatic unit at the point of its wedge out 
toward the center of the basin (after Howard and Perrino, 1976). 

Rogers and Keevers (1976) , Howard (1972) , 
Howard and Cooney (1976) , and Howard and Per 
rino (1976) . . 

In the papers mentioned there has been much dis
cussion of the petrological types of phosphorites and 
little agreement as to their origin. In his study of 
the geochemistry of the phosphorites of the Georgina 
Basin, .Cook (1972) reported differences between 
the geochemistry of the pelletal and nonpelletal types 
and also the effects of laterization at one locality. 

However, as his analyses (17 major elements and 48 
minor element analyses) embraced some six or more 
deposits, his results indicated broad but nonquantifi-
able differences in the types. 

In this study the geochemistry of three deposits 
has been investigated comparatively, using data from 
Sherrin Creek and D Tree, 75 km apart on the east-

' ern edge of the basin, and from Wonarah , equidis
tant from the first two and 200 km to the west (F ig . 
1 ) . The purposes of the study were three-fold: to 
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ree.Naniine the geochemical differences nniong the 
petrological types; to detect differences in geochem
istry of the deposits, knowing that they may have 
formed in unconnected subhasins and/or had differ
ent sources of nutrient waters; and to discuss the 
findings in terms of the several models which have 
been proposed for the genesis of the phosphorite 
types in. the Georgina Basin as a whole. 

Phosphorite Types 

The Sherrin Creek, D Tree, and Wonarah de
posits have generally similar dimensions ranging 
from 20 to 25 km long and 4 to 7 km wide. Each 
deposit parallels the Middle Cambrian shoreline and 
interfingers with an offshore limestone facies. The 
thickness of the phosphatic chert-siltstone-limestone-
phosphorite lithosome varies from 27 in at Sherrin 
Creek to approximately 43 in at both D Tree and 
Wonarah, and the thickness of phosphorite in the 
orebodies ranges from 1 m to a maximum of 15 to 
19 m at different localities. At Sherrin Creek the 
phosphorite occurs as a single bed whereas at 
Wonarah and D Tree the maximum thickness quoted 
above is the aggregate thickness of three beds. The 
beds exhibit sharp lateral and vertical facies changes 
from beds composed of chert and phosphorite to 
beds of phosphatic and barren siltstone (Howard, 
1972; Howard and Cooney, 1976; Howard and Per
rino. 1976). 

There are three types of phosphorites; in order of 
abundance they are niudstone phosphorite, replace
ment phosphorite, and pelletal phosphorite. 

Mudstone phospttorite: This phosphorite is gen
erally a buff to tan soft rock contsisting of micro-
crystalline carbonate fluorapatite, detrital quartz, 
chert, clay, poorly crystalline mica, goethite, and 
phosphatized fossil debris. These detrital compo
nents may be evenly distributed through the sediment 
or distributed into thin silty laminae or lenses im
parting an indistinct thin bedding. Large lenses of 
siltstone, phosphatized and/or silicified coarse co
quina, and platy or nodular chert, containing phos
phatized fossil fragments, are up to 30 cm thick'. The 
mudstone phosphorite also contains thin beds of 
pelletal phosphorite. 

Of importance is the presence of numerous thin 
brown, red, or black beds rich in base metals within 
the middle phosphorite unit. Such beds are shown 
by drilling to have a maxinium grade and thickness 

• of 45 percent Fe203, 6 percent MnO, and 1 percent 
combined base metals over one meter. The com
monest mineral is goethite. Other minerals recog
nized in surface exposure are hematite, pyrolusite, 
malachite, and azurite. Separates from heavy liquid 

\ -
^ Variously named nonpelletal phosphorite, cellophane mud

stone microsphorite, and phospholutite. 

separation of drill hole samples are very fine grained 
and yield poor X-ray diffraction patterns. Pre
liminary study has identified goethite, natrojarosite, 
lithiophorite (Al, Li) MnOa (0H)2 , and a spinel 
phase, possibly franklinite, (Zn, Mn) Fe204, and/or 
gahnite, (Zn, Fe) .M2O4. The beds consist of the 
above-listed minerals together with detrital quartz 
and chert grains, kaolinite, and apatite, as a minor 
or major component, identifiable as mudstone or 
pelletal phosphorite. The metal dispersion patterns 
presented in Figure 2 c-g and discussed later indicate 
that the major proportion of the components in the 
beds are terrigenous and were derived from the 
mineralized Precambrian hinterland to the east. 

Rephtceiitettl pitospltorile: There are two types of 
replacement phosphorites: first, buff to tan thin 
discontinuous beds of phosphatized coarse coquinas 
referred to above and, second, white to porcellanous 
massive beds of phosphatized calcarenite and micritic 
carbonate up to a meter thick. 

Phosphatized coquina is common in the phos
phorite beds at Wonarah and in the upper two beds 
at D Tree but is not recognized at Sherrin Creek. 
The fossil fragments may be wholly replaced by collo-
phane, although silica replacement is locally promi
nent. At D Tree, when collophane and silica replace
ment are evident in the one rock, collophane every
where appears to be the earlier. Where one portion 
of a hed is wholly replaced by buff to tan collophane, 
and the other portion by clear silica, the contact be
tween the two is sharp and has not been observed to 
cut across bedding. The buff to tan color of the 
phosphatized coquina is similar to that of the enclos
ing mudstone phosphorite. De Keyser (1969) inter
preted the color as organic staining, though some of 
it can be identified as a dusting of goethite. 

The white and porcellanous phosphatized cal
carenite and micritic carbonate, which forms the 
lowermost phosphorite bed at D Tree, was pre
viously named "hardrock" by Howard and Cooney 
(1976), but the name "replacement phosphorite" 
used by Rogers and Keevers (1976) at Lady Annie 
is preferred as a more fitting descriptive name. The 
grade of the rock is about 30 to 40 percent P2OS de
pendent on the percentage of quartz, chert, and clay 
in the original carbonate sediment. In the macro-
scopically featureless porcellanous variety, the orig
inal carbonate composition of the sediment is recog
nized by the presence of pseudomorphically replaced 
carbonate rhombs.= A second variety that has 1-cm-
thick layers and fine laminae of detrital quartz and 
clay also shows microte.xtures and structures identi-

2 Phoscrete, as defined by de Keyser and Cook (1972) 
forms as a thin white film on the weathered surface of high-
grade replacement phosphorites. The usage of the term is 
reviewed under the heading of Discussion. 
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FIC. 2. Map showing (a) the surface .and subsurface distribution of phosphorites and the 
outcrop of intcrtonguing Thorntonia Limestone; (b) the surface and subsurface distribution of 
the basal sandstone-conglomerate unit and upper sandstone unit of the Beetle Creek Formation, 
and (c) to (g) the distribution of the average zinc, lead, copper, nickel, and cobalt contents of 
the intervening phosphatic unit based on five element analyses of approximately 3,500 samples of 
0.76 m interval intersections from approximately 70 drill holes, (a) also shows the location of 
a slight depression in the Precambrian basement east of a ridge or line of small hillocks. 

cal with some of the carbonate rocks of the Thorn
tonia Limestone which interfinger with the phos
phorite beds. These structures include wavy band
ing, graded bedding, cross-bedding, and scour and 
fill structures. Interbands of vuggy gray quartzitic 
chert exhibit similar features. 

Pelletal phosphorite: This phosphorite is minor 
and is recorded only at D Tree and Wonarah . W h e r e 
it occurs as laminae as little as 0.2 mm thick, the 
collophane pellets have diameters of 0.05 mm or less. 
In thick beds, up to 30 cm, the pellets range up to 1 
mm' in diameter (Howard and.Cooney, 1976). The 
pellets may consist wholly of phosphatized fossil 

fragments, though, in general, approximately 50 per
cent of them are microcrystalline and featureless. T h e 
pelletal phosphorites a re commonly uncemented by 

.collophane mud and^ are therefore soft and friable. 
The type occurs as interbands within mudstone phos
phorite and, as in the case of the middle phosphorite 
bed, it may contain brown, red, or black beds or 
laminae rich in base metals. • 

Geologic Se t t ing ^ 

Because phosphorites do not crop out at Sherr in 
Creek or Wonarah . reference in this section is made 
principally to the D Tree area. The northern and 
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central portions of the D Tree deposit are interpreted 
to have been a narrow tapering lagoonal trough 1 to 
3 km wide which at its southern end opened onto a 
shallow open-marine shelf (Figs. 1 and 2a). The 
southern portion is interpreted as an easterly trending 
embayment which shelved from open-marine to 
estuarine environments in the direction of the Lady 
Annie deposit (Howard and Cooney, 1976). Figure 
2b illustrates the distribution of conglomerate and 
sandstone beds which underlie and overlie the phos
phorite deposit and, together with section .^-A' in 
Figure 1, show their vertical separation. The nature 
of the facies (sorted quartz sands, through conglom
erates, and ferruginous breccias) and their distribu
tion in relation to the paleotopography of their depo
sitional surface (Howard and Cooney, 1976) indicate 
environments varying from littoral to fluvial fan to 
submarine scree slides similar to those described at 
Lady Annie • (Rogers and Keevers, 1976). The 
provenances of these rocks were tectonically active 
fault scarps in the Precambrian hinterland which 
were periodically active through the deposition of 
the whole of the chert-siltstone-Iimestone-phosphorite 
lithosome. Such tectonism had a marked effect on 
the depositional environment because it affected the 
nature and amount of detritus deposited but also for 
the physical effects tremors had on unconsolidated 
or partly lithified sediments. The period of tectonism 
coincided with eustatic changes in sea level. 

Eustatic changes in sea level resulted in three 
transgressive-regressive cycles, upon which minor 
fluctuations of sea level are superimposed. These 
three cycles are ( I ) dolomite and limestone '— 
chert member ^ and phosphorite with base metals, 
(2) carbonate sand's (replaced by chert)—phos
phorite vvith base metals, and (3) phosphorite and 
carbonate sands (replaced by chert)—sandstone. 
Interbedded micritic and biodastic carbonates of the 
Thorntonia Limestone which overlie the basal sand
stones and conglomerates represent the first trans
gression. The niost easterly extending portion of 
this limestone was replaced by carbonate fluorapatite 
during deposition or early diagenesis. Significant 
tectonic activity following replacement caused these 
partly lithified to lithified replacement phosphorites 
to slump due to gravity sliding prior to the deposi
tion of younger rocks. At Sump Creek, one kilome
ter east of D Tree bore (Howard and Cooney. 1976), 
replacement phosphorite and interbedded gray 

•quartzitic chert crop.out in 10-m-high cliffs as verd-
cal isoclinal folds where the slide was arrested by a . 
basement hillock: flat-lying siltstone-chert overlies 
the structure. Elsewhere, chert breccias or phos
phorite-chert- breccia formed, the latter showing 

3 Thorntonia Limestone. 

exam]jles of coniminution of phosphorite intraclasts 
down to rounded sand-sized grains by autogenous 
grinding during sliding. Present studies by P. N. 
Soiithgate * illustrate the presence of evajxirite casts 
within chert breccias near the base of the Beetle 
Creek Formation elsewhere, suggesting that some 
breccias may have formed as a result of dissolution 
of evaporites. • 

The detrital ferruginous base metal beds, previ
ously described, occur at the top of the basal sand
stone-conglomerate lithosome and within the middle 
niudstone j^hosphorite bed. They have sharply de
fined lower boundaries but commonly have transi
tional tops, becoming increasingly diffuse basinward 
from the Cambrian shoreline. Such material, 
together wtih detrital quartz and clays, was con
tributed to the system in accessory proportions 
throughout the period of deposition of the phospho
rite and phosphatic siltstone sections. The concen
trated zones, however, represent periods of regression 
when residual ferruginous debris from the Precam
brian erosion surface was flushed across tidal flats 
and into the lagoon and estuary. Subaerial exposure 
of the phosphorites was common on the basement 
high separating the lagoonal and the estuarine areas 
in the vicinity of the D Tree bore (Fig. 2) . The 
most significant instance of exposure and stream 
erosion (Howard and Cooney, 1976) extends down 
the westerly axis of the estuarine zone, along which 
the ferruginous detritus was flushed further down the 
paleoslope and beyond the limits of drilling. The 
plots for the individual base metals (Fig. 2c-g) show 
identical dispersion' patterns that are siinilar to the 
patterns of oiitwash of the underlying and overlying 
sandstones, conglomerates, and breccias, suggesting 
similarity in provenance. The metal vahies in Fig
ure 2c-g are the respective means for the entire 
chert-siltstone-limestone-pho.sphorite lithosome. The 
distribution of metals associated with the individual 
ferruginous beds is similar though the concentrations 
in these horizons are substantially higher, attaining a 
maximum combined zinc-lead-copper grade of 1 per
cent over a I tn interval. 

.Although the three transgressive-regressive-cycles 
are recognized at Wonarah, the basal sandstone-
conglomerate is not evident-in drill cuttings nor are 
the base metal-rich ferruginous outwash beds prom
inent, either because of the lack of mineralization in 
the basic volcanic hinterland or the distance of min
eralization from the depositional site. ' At Sherrin 
Creek, sandstone-conglomerate beds are present 
above and below the phosphorite. However, only 
one phosphorite bed is present, and this likewise is 
lacking in base metal-rich ferruginous zones. It is 

* James Cook University, Townsville, Queensland. 
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possible that the phosphorite bed at Sherrin Creek weathering at Sherrin Creek, but at D Tree and 
was formed high on a'basement structure during the Wonarah the phosphorites are variably weathered, in 
transgression which deposited the upper phosphorite places extremely so, as illustrated by cavernous 
bed at D Tree. ground acting as ground-water solution channels. 

Geochemistry 

Saiitpling 

Samples ranging from slightly phosphatic siltstone 
and dolomite to high-grade phosphorite were col
lected from the three widely separated deposits at 
Sherrin Creek, D Tree, and Wonarah (Fig. 1). All 
samples from the subsurface Sherrin Creek and 
Wonarah deposits are International Minerals and 
Chemical Development Corporation splits of air-re
turn cuttings from Mayhew 1000 drill rigs. Because 
the D Tree deposit crops out largely as rubble, all 
samples from there are also drill hole splits, except 
3A, 3C, FG53, and 21, which are from creek ex
posures. 

The IMC sampling interval was 2.5 feet (0.76 m) 
and the technique of sampling was as follows. 
Cuttings from the interval were continuously .re
turned and collected in a cyclone, the bulk sample 
from which was passed through a series of splitters 
to give a 2-kilograin sample for beneficiation studies, 
a 50-gram sample for preliminary 5-element analysis, 
and a 50-gram library sample. The reliability of the 
splitting was proven by multiple splitting and chemi
cal analysis. Because the holes were not cased, 
contamination of a given sample interval by spalling 
from shallowed intervals was tested by drilling core 
holes alongside previously drilled "open" holes and 
comparing the chemistry of samples from corresixind-
ing intervals. Contamination could be illustrated 
where the volume of cuttings for 0.76-m intervals 
differed measurably, and, as this was not common, 
the open air-return cutdngs holes were used gen
erally. All samples in this study are from either the 
original 50-gram analytical pulp sample or the 50-
gram library sample. 

It is recognized that, although the 0.76-m interval 
is satisfactory for calculating ore grades, it involves 
some mixing of phosphorite types, in particular mud
stone phosphorite with thin beds (1-30 cm) of re-
placeinent phosphorite after coquina. A further dis
advantage of the drilling technique was that mud-' 
stone and pelletal phosphorite types are partly re
duced to fine powder, and, though this largely de
stroys the gross fabric of the rock, chips still allow 
megascopic and microscopic observations to be made. 

In all three deposits Cenozoic weathering extends 
below the maximum depth (61 m) of drilling. A 
few wildcat holes were drilled down to 108 in, but in 
no case was unoxidized sediment encountered. The 
phosphorites are varicolored and show least sign of 

Analytical mctltods 

A total of 58 samples were analyzed for 30 major 
and trace elements. All except 47 fluorine determina
tions were measured in the Earth Sciences Labora
tories at Macquarie University. Cutting and pulps 
were dried at 110°C and then ground in a Teina 
tungsten carbide mill. Apatite concentrates (Table 1, 
7-12) were separated from Sherrin Creek samples 
(1-6) by ultrasonic disaggregation and centrifuging 
in heavy liquids (tetrabronioethane, di-iodomethane). 
Heavy minerals were similarly concentrated from 
samples high in Fe20;i, MnO, and base metals. 

Major elements were determined in duplicate from 
lithium borate glass discs by Siemens X-ray fluo-
resence spectrometer, using USGS standards and 
the matrix correction procedure of Norrish and 
Hutton (1969). NBS 120a was used as a phos
phorus standard. Quartz and NBS 120a were run 
as internal standards. Our data for NBS120a in
clude : SiO., 4.68 ± 0.08 percent; SO:,, 0.88 ± 0.028 
percent. Sodium was measured by flame photome
try, ferrous iron by metayanadate titration, and H2O" 
by drying at 110°C for two hours. H2O* and CO2 
were evolved by Leco induction furnace, H2O* being 
absorbed on anhydrone and CO2 on soda asbestos. 
An MnO. train removed any interfering HF,•H2S, 
and SO2. The Phosphate Co-operative Company of 
-Australia Ltd. determined fluorine by steam distilla
tion and spectrophotometry, except for eleven sam
ples which were done by X-ray fluorescence on 
pressed-powder pellets at Macquarie University. 

Trace elements were measured by X-ray fluo
rescence on pressed-powder pellets, using USGS 
standards (Norrish and Chappell, 1967; Chappell 
et al.. 1969). Quartz and NBS120a served as in
ternal standards. Mass absorption coefficients were 
calculated from major element data. Our data for 
NBS120a indude (in ppm) : Ti. 697 ± 16; V, 72 ± 
4;Cr . 7 6 ± 8 ; Mn, 178 ± 5; Ni, 18 ± 5; Cu, 38 ± 8; 
Zn. 97 ± 3 ; Ga. 2; Sr, 526 ± 1; Y, 113 ± 1; Zr, 82 
± 8; Ba. 34 ± 7; La, 73 ± 4; Ce, 76 ± 7; Pb, 20 ± 
2; Th, 11 ±' 1 : and U, 94 ± 1 (two to nine replicate 
measurements). 

The Australian Mineral Development Laboratories 
(.Adelaide), on behalf of the International Minerals 
and Chemical Development Corporation, analyzed 
approximately 10,000 samples of drill cuttings for 
Cu, Pb, Zn, Ni, and Co by atomic absorption spec
trometry, and' these were used in'the preparation of 
Figure 2. 



TABLE 1. Major Element Analyses of Phosphorites, Phosphatic Siltstones, and Dolomites 
Sample identification shown in Table 2. 
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Our data are listed in Tables 1 and 2, grouped ac
cording to geographic distribution, namely Sherrin 
Creek, northern D Tree (Y99), central and southern 
D Tree, and Wonarah. 

Kendall's rank correlation coefficient (Conover, 
1971, chapter 5.5) was calculated for each element 
pair in each geographic group (Tables 1 and 2) . 
This distribution-free measure of correlation was 
used because the data for some elements are markedly 
skewed, and for others there are too few data to 
ascertain the statistical distribution. An X-Y scatter 
diagram was plotted for each correlation significant 
at the 95 percent level to test its validity. If an out
lying data point seriously biased the correlation co
efficient, it was subjectively discarded and the co
efficient recomputed. 

Element nssodation 

The positive interelement correlations of highest 
significance in each geographic group are listed in 
Table 3 and schematically summarized in Figure 3. 
Mg and Ga data are not precise and are excluded 
from consideration, as is Si, whose distribution is 
controlled by quartz. The intercorrelations define 
four distinct associations, recognized as apatite, clays, 
heavy minerals, and a leached group, even though the 
individual intercorrelations differ from one geo
graphic locality to another. Each element associa
tion reflects a grouping of elements: structurally 
substituted in major minerals (e.g., apatite) ; ad
sorbed onto a mineral surface; or existing in discrete 
minerals derived from a major mineral by weather
ing. Many of the trace elements actually exist in 
more than one association but their correlation is 
masked by a more significant correlation. 

Those reduced major axis regression plots wbich 
are the most significant in terms of structural sub
stitution in the case of carbonate fluorapatite are re
produced in Figure 4. Positive correlations between 
trace elements and CaO and P20.'-, are interpreted as 
structural substitutions in apatite; and negative cor
relations are interpreted as lack of substitution and 
an association with other minerals. To check against 
the possibility that positive correlations were due to 
extraneous minerals locked within the apatite grains, 
high-grade samples from Sherrin Creek were studied 
on a scanning electron microscope and probed for Ca, 
P. F, and Na. No heavy mineral contaminants were 
observed and the Na analysis was close to the norma
lized values of that element in Table 4. 

Figures 3 and 4 show a progressive decrease in the 
trace element substitution in the apatite structure 
coinciding with the appearance of a separate element 
association, the leach group, and increasing com-
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TABLE 2. Minor Element Analyses of Phosphorites, Phosphatic Siltstones, and Dolomites 

. 
Analysis Sample no. 

Sherri 

1 
2 

3 

4 

5 

.6 

7 

8 

9 

.10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

DTree 

20 

21 

22 

23 

24 

25 

26 

n Creek 
Y33I 

Y331 

Y333 

.30B 

31B 

32B 

33B 

34 B 

35B 

300 

31C 

32C 

33C 

34C 

35C 
22 B 

238 

24B 

2SB 

26B 

27B 

28B 

(Y99) north 

Y99 

Wonarah 

27 

28 

29 

30 

3) 

32 

33 

34 

W20 

W60 

W65 

ASO 

W119 

18.157 

18.158 

18.170 
18.171 

18.172 

18,173 

18.176 

19.659 

21.879 

21.970 

22,295 

22,296 

23.957 

23,958 

23.980 

D Tree (replacement) 

35 

36 

37 

38 

FG53 

YI16 

3C 

3A 

17,252 

D Tree central south 

39 

40 

41 

42 

43 
44 

45 

46 

47 

48 

49 

50 

51 

52 
S3 
54 

• 55 

56 
57 

58 

Y114 

Y142 

Y114 

Y199 
Y203 

Y273 

Y116 

V120 

. yi98 

Y199 

Y203 

Y2I4 

_ 
Y231 

21 

17,056 

17,672 

17,673 

17,811 

19.339 
19,448 

20,981 

17,230 

17,240 

18.436 

18.437 

18.440 

19.324 

19.335 

19.460 

19,473 

19.961 

19,965 

21,246 

P.O. 

(%) 

2.8 

20.< 

23.9 

24.1 

23.4 

23.2 

37.3 

37.6 

35.4 

36.0 

36.1 

3S.3 

17.6 

21.1 
16.3 

9.7 

3.7 

2.8 

6.3 

I5.S 

12.3 

3.8 

8.5 

4.5 

7.2 

8.3 

22.S 

24.3 

25.2 

17.3 

20.3 

27.2 

30.2 

30.9 

37.6 

38.1 

39.5 

39.5 

7.8 
27.4 

26.5 

• 15.9 

16.3 

18.6 

26.8 

14.9 
24.4 

23.6 

23.1 

14.4 

15.4 

25.6 

20.0 
20.6 

26.8 

27.9 

21.9 
23.1 

Ti 

C103 

3.164 

1.680 

1.176 

1.168 

1,349 

1,321 
4.624 

524 

686 

580 

565 

481 

2,385 

1.741 

1.694 

1.538 

512 

671 

2.206 

3,057 

3,374 

1,459 

2,550 

868 

1,329 

2,919 

1,545 

2,204 

1,318 

3,136 

1,483 

1.712 

1.318 

899 

400 

117 

32 

23 

2.004 

1.321 
1.067 

2.663 

1.549 

2.924 

1.551 

1.189 
899 

1.365 

1,305 

691 

2.252 

1.928 

I.I8I 

2.011 

2.198 

1.965 

1.614 

1,722 

V 

C21 

65 

71 
97 

96 

103 

101 

SO 

54 

118 

112 

109 

119 

81 
54 

61 

152 

55 

58 

78 

114 

129 

113 

138 

52 

91 

99 

52 

107 

55 

45 

34 

73 

68 

181 

50 

2 

7 

2 

86 

93 

64 

165 

52 

161 
83 

S4 
27 

68 
174 

121 

182 
37 

39 

90 

62 

58 

101 

56 

Cr 

[21 

261 

124 

107 

96 

99 

88 

50 

20 

19 
25 

27 

30 

105 

107 

126 

146 

..s 
51 

72 

77 

76 

34 

SO 

24 

25 

43 

53 

39 

59 

44 

41 

42 

39 

31 

20 

3 

18 

<2 

S3 

68 
84 

120 

29 

60 
111 

19 

30 

32 

32 

9 

45 

13 

18 
77 

34 

23 

82 

29 

Mn 
ClOJ 

71 

379 
2,541 

2,559 

3,151 

3,065 

140 

402 

3,505 

3.234 

4.243 

4.962 

202 

• 276 

781 

2.424 

2,476 

2.683 

2,858 

85 

116 

931 

952 

925 

2,020 

822 

127 

763 

146 

731 

743 

99 

134 

9,804 

700 

119 

134 

439 

18,129 

112 

134 

213 

332 

996 
361 

941 
1,976 

198 
870 

2.710 

7,756 

5,139 
1.273 

2,346 

541 

1.983 

2.523 

920 

Ni 

C23 

10 

9 

38 

33 

40 

31 

3 

12 

35 

42 

45 

44 

4 

9 

11 

51 

20 

21 

26 

13 

19 

53 

60 
37 

79 

59 

39 

49 

14 

75 

89 

21 

31 

28 

10 

40 

16 

45 

321 

70 

41 

47 

102 

77 

80 

69 

55 

33 

93-

16S 

243 

109 

52 
66 

54 
71 

55 

13 

Cu 
CS] 

20 

31 

44 

37 

31 

29 

33 

40 

26 

36 

41 

31 

10 

24 

20 

35 

<5 

7 

11 

57 

89 

121 

122 

94 

215 

189 

58 

119 

45 

62 

117 

57 

64 

158 

10 

81 

52 

76 

9 

57 

33 

75 

, 65 

' 80 
48 

72 

65 

62 

112 

110 

264 

60 

54 
82 

67 

63 

96 

67 

Zn 

C2] 

48 

177 

378 

384 

371 

341 

58 

178 

457 

421 

432 

426 

41 

45 

74 

463 

219 

200 

230 

71 

99 

167 

176 

117 

224 

192 

67 

230 

158 

235 

302 

216 

346 

303 

N D 

1.047 

80 

88 

2.914 

441 

445 

179 

481 

819 

240 

536 

1.092 

211 

2.054 

2.324 

1.809 

1.405 
226 

646 

316 

523 

404 

63 

Ca 

[2] 

6 

<2 

3 

2 

2 

2 

2 

3 

<2 

4 

•2 

<2 
7 

6 

7 

3 

2 

2 

6 

12 

12 

5 

7 

3 

4 

7 

4 

<2 

4 

7 

9 

3 

4 

28 

N D 

8 

<2 

<2 

9 

5 

3 

9 

8 

12 

4 

8 
5 

4 

8 

5 

8 

2 
4-

7 

9 

6 

6 

6 

Sr 

[2] 

54 

123 

138 

141 

139 

141 

216 

195 

190 

192 

193 

198 

312 

181 

141 

too 
62 

59 

83 

227 
127 

78 

89 

64 

42 

187 

218 

145 

83 

89 

115 

96 

136 

46 

70 

74 

81 

50 

79 
174 

170 

129 

230 

212 

138 

95 

76 

69 

65 

52 

45 

61 
65 

150 
141 

68 

60 

43 

V 

m 
93 

262 

262 

264 

264 

280 

624 

442 

371 

373 

379 

408 

340 

270 

222 

148 

48 

40 

92 

482 
355 

66 

103 

36 

46 

67 

163 

46 

9S 

214 

336 

133 

91 

42 

N D 

8 

6 

8 

60 

339 
364 

165 
.217 

225 

461 

92 

52 

129 
95 

34 

100 

20 

49 

58 
193 

37 

80 

44 

Zr 

[2] 

243 

168 

104 

95 

123 

103 

160 

58 

55 

54 

52 

53 

137 

96 

95 

92 

32 

44 

111 

143 

133 

56 

108 

39 

52 

146 

94 

92 

63 

138 

111 

80 

65 

116 

N D 

26 

13 

16 

62 

65 

69 

92 

86 

136 

71 

54 

35 

62 

51 

31 

82 

89 
47 

72 

60 
57 

72 

69 

Ba 

[5] 

136 

125 

494 

532 

572 

485 

55 

89 

706 

654 

769 

828 

310 

182 

305 

531 

174 

ISl 

206 

3S0 

244 

301 

433 

205 

276 

269 

178 

127 

151 

186 

126 

113 

no 
95 

80 

18 

5 

64 

240 

282 

261 

362 

194 

533 

313 

385 

187 

158 

129 
160 

514 

337 

189 
514 

497 

263 

386 

224 

La 

[2] 

39 

68 

70 

75 

70 

81 

148 

lis 

100 

94 

99 

102 

96 

84 

78 

50 

14 

15 

38 

142 

99 

37 

48 

22 

25 

33 

45 

24 • 

41 

48 

41 

31 

32 

28 

ND 
5 

26 

12 

38 

76 

94 

56 

43 

81 

120 

30 

29 
47 

60 

33 

50 

18 

24 

31 

62 

20 

35 

38 

Cc 

[5] 

86 

79 

67 

77 

76 

94 

214 

95 

84 

87 

90 

101 

133 

107 

93 

72 

29 
17 

so 

169 

142 

47 

72 

33 

31 

67 

68 

59 

40 

70 

51 

52 

34 

35 

N D 

<5 

15 

5 

48 

86 

- 91 

79 

57 

114 

110 

58 

19 
57 

54 

13 

75 

28 

28 

56 

88 
56 

51 

22 

Pb 

C2J 

40 

62 

56 

56 

64 

67 

77 

62 

49 -

50 

51 
56 

64 

68 

92 

72 

40 

36 

61 

59 

45 

84 

91 

46 

44 

76 

145 

1.049 

117 

35 

68 

282 

323 

6.356 

40O 

1.662 

134 

570 

165 

62 

60 

75 

77 

355 

66 

.108 

109 

63 

472 
327 

177 

748 

270 
226 

73 
60 

151 

63 

Th 

C2] 

13 
14 

12 

17 

17 

17 

27 

23 

21 

24 

24 

22 

20 

14 

.18 

12 

10 

11 

16 

28 

18 

8 

10 

3 

7 

11 

1 

6 

9 

6 

6 

5 

7 . 

4 

13 

N D 

2 

8 

2 

5 

8 

6 

9 

14 

16 

10 

6 

4 

5 

8 
4 

9 

9 

4 

6 

7 

6 

2 

14 

U 

[2] 

5 

19 

20 

16 

19 

21 

32 

31 

22 

20 

23 

27 

36 

33 

40 

42 

20 

22 

35 

61 
38 

19 

28 

19 

30 

28 

53 

23 

21 
7 

12 

24 

29 

<2 

N D 

45 

36 

18 

41 

86 

78 

21 

19 

55 

28 

8 

11 
14 
17 

13 

34 

11 

74 

25 

13 

19 

28 

26 

ND «= not determined. 
All elements in ppm. except P.O.(%). 
The numtjer in square brackets is the detection limit of each trace clement (in ppm). 
Y331, W20, etc.. denote drill hole numbers; 19.659 and SOB are sample numbers of splits from bulk samples; SOC is a concentrate from 30B; 3A. 3C. 

and FG53 are samples from Sump and Galah Creeks; and 21 is from Cowlick Creek. 
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SHERRIN CREEK (1-16) 

D-TREE ( 2 0 - 2 6 ) 

D-TREE ( 4 6 - 5 8 ) 

WONARAH ( 2 7 - 3 4 ) 

FIC. 3. Schematic diagram interpreting the element associations, apatite, clay, heavy mineral, 
and the leach group in terms of interelement rank correlations of greater than 95' percent 
significance (Table 3), and X-Y line plots. Positive correlations are indicated by elements 
within circles and by small circles joined by solid lines. Dashed lines indicate negative cor
relations. 

plexity of the element intercorrelations in the clay 
group. With these changes, the correlation coefficients 
decrease to a lower order of significance (Table 3). 
These progressive geochemical changes illustrate the 
varying degree of weathering at the different local
ities. Using the Sherrin Creek deposit as the least 
weathered reference, the degree of leaching, as 

described below, increases in the order: ' drill hole 
Y99 at the northern end of the D Tree deposit (20-
26), samples in the south-central portion'of the D 
Tree deposit (39-45) and (46-58), and lastly the 
Wonarah deposit (27-34). 

In the Sherrin Creek samples (excluding a few 
erratic results) the trace elements S, Na, La, Y, Ce, 
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TABLE 3. Kendall's Rank Correlation Coefficients of Highest Significance in the Sherrin Creek, 
D Tree, and Wonarah Phosphatic Rocks 
Sample numbers refer to Tables 1 and 2. 

Samples (Tables 1, 2) 
No. of samples 
Apatite 

Leached group 

Clays 

Heavy minerals 

Sherrin Creek 

1-16 
16' 

P-F 
(Ca, P)-Na 
(Ca. P)-S 
Y-La 
Sr-La 

0.90 (1) 
0.87 (1) 
0.86 (1) 
0.85 (1) 
0.85 (1) 

(Ca, P, F).Y 0.73 (1) . 
Y-Th 
Sr-Ce 
Pb-U 
Mg-CO, 
•Ca-U 

Al-K 
Ti-Zr 
Al-Ti 
Al-Cr 

Ni-Zn 
Fe-V 
Ba-V 
Ba-Mn 

Fe-Zn 

0.73 (1) 
0.61 (1) 
0.51 (2) 
0.48 (2) 
0.62 (2) 

0.84 (1) 
0.71 (1) 
0.66 (1) 
0.64 (1) 

0.78 (1) 
0.76 (1) 
0.73 (1) 
0.71 (1) 

0.70 (1) 

DTree 

20-26 
7 

(Ca, P)-F 
F-CO, 
Ca-Th 
CO.-S 

0.90 (1) 
0.81 (2) 
0.81 (2) 
0.78 (2) 

(Ca, P, F)-U 0.75 (3) 
Ca-Y 
Ca-La 
Ca-Ce 
Ca-Sr 

(Al, Ti)-Th • 
Y-Cr 
(Al, Ti)-Cr 
Cr-La 
Cr-Ce 

CiJ-Zn 
(Cu, Zn)-Ni 
Mn-Ni 

(Cu, Zn)-Fe 

0.71 (3) 
0.62 (3) 
0.62 (3) 
0.62 (3) 

1.0 (1) 
1.0 (1) 
0.90 (2) 
0.90 (2) 
0.90 (2) 

1.0 (1) 
0.90 (2) 
0.90 (2) 

0.71 (3) 

DTree 

J 16-58 
12B 

(Ca, P)-F 0.73 (1) 

Na-S 
La-Y 
Cr-V 
V-Cu 
V-CO, 
Y-Ce 

Ti-Zr 
Al-Ba 
Al-Ti 
Ti-K 
Th-Ti 

Fe-Zn 
Ni-Zn 
Ni-Mn 
Pb-Zn 

Fe-Cu 

0.84 (1) 
0.70 (1) 
0.63 (2) 
0.60 (2) 
0.55 (2). 
0.55 (2) 

0.72 (1) 
0.69 (1) -
0.63 (2) 
0.59 (2) • 
0.45 (3) 

0.85 (1) 
0.75 (1) 
0.53 (2) 
0.47 (3) 

0.41 (3) 

(Ca, P: 
(Ca, P, 

V-Pb 
Y-La 
La-S 

Al-Ce 
Ti-Zr 
Ce-Zr 
Ni-Zr 
Ce-Ba 

Fe-Zn 
Ni-Cu 
Ni-Zn 

Wonarah 

27-34 
7C 

-F 1.0 (1) 
F)-Pb 0.62 (3) 

0.71 (3) 
0.59 (3) 
0.55 (3) 

0.90 (2) 
0.65 (3) 
0.62 (3) 
0.71 (3) 
0.62 (3) 

0.81 (2) 
0.62 (3) 
0.62 (3) 

• 

Induced correlations excluded from the table. (1) = significant at >99.9%; (2) at 99-99.9% level; (3) at 95-99% level. 
* Excluding 16 (high CO,). ° Excluding 50 (high Fe). ^ Excluding 34 (high Mn). 
* Twelve samples (drill hole Y331) only. 

U, and Ba correlate strongly with CaO and P2O5 
(apatite) (Fig. 4 ) . By contrast, at Wonarah, S, Na, 
La, Y, Ce, and Ba correlate negatively with CaO 
and P2O5 and constitute an antipathetic association 
here interpreted as a leach group. (U correlates 
positively with apatite; see later.) The components 
CO2, Sr, and Th which do not correlate so strongly 
with apatite at Sherrin Creek ° display weak or com
pletely random correlations at Wonarah. In either 
case (antipathetic or random correlations with 
apatite) it is clear that these trace elements have 
been strongly leached from apatite at Wonarah, by 
comparison with Sherrin Creek. 

The three subgroups in the D Tree deposit, namely 
unleached Y99 (20-26), partly leached (39-45), and 
leached (46-58), also illustrate progressive depletion 
of trace elements from the apatite structure (Fig. 4) 
and provide the links between the Sherrin Creek and 
Wonarah "end members." Element correlations with 
apatite .in Y99 are nearly as good as for Sherrin 
Creek. In the D Tree (partly leached) subgroup 
(39-45), only SO:; and Y show excellent positive 

' Many samples contain minor calcite and dolomite. 

correlations with apatite. The leached D Tree sub
group (46-58) shows a completely random distribu
tion of trace elements in respect to CaO and P2OS, 
and these are shown as a field in Figure 4. In aU 
cases this field lies below the regression line of the 
partly leached subgroup and corresponds to the large 
leach group shown in Figure 3. 

There are too few analyses of replacement phos
phorite (35-38) to be sure of its compositional range. 
To supplement our data, six partial analyses of 

. samples from deposits from elsewhere in the (jcorgina 
Basin were reproduced from Cook (1972).* AH of. 
the replacement phosphorites are characteristically 
high grade and deficient in most trace elements (Fig. 
4 and Tables 2 and 4) . 

Apatite association - I 
Uraniuin and lead: Uranium correlates with apa

tite in most of the unleached ' Sherrin Creek and D 
6 Analyses 4, 6, 8, and 10 of his table 2 and analyses IS, 17, 

18, 20, 22, and 24 of his table 3. 
' This usage is in the sense of intensity of weathering and 

not to be equated with the leached groiip which is the as
sociation of elements that was derived from intense 
weathering or leaching of the phosphorites. 
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FIG. 4. X-Y plots of selected components from Tables 1 and 2, with reduced major axis 
regression lines (Till, 1974, p. 99). A and B show CaO versus P.O., Na,0, La, U, Th, and Ba 
and C, PJOS versijs F, SOa, and COJ. For Sherrin Creek, analyses ( • ) for La, Y, Th, and Ba 
are from the top of sections and affected (?) by weathering. Y333 values are erratic and not 
plotted for U, Th, and Ba. Random distribution of COi versus P,OB is partly due to presence 
of calcite and/or dolomite. For D Tree minor elements are indicated.by ( • ) for Y99, (O) 
for D Tree central-south, (Q) IMC sample FG53, (x) phoscrete (Cook, 1972), (A) replace
ment phosphorite D Tree (Cook, 1972). Analyses 46 to 58 are shown as a field and not 
plotted individually. For "Wonarah, the dashed line for tJ is the regression line of Sherrin 
Creek data for comparison. 

Tree phosphorites, but because U**/U*® were not 
determined, it is not known whether U** substitutes 
for Ca*', or UOr ' ' for P O r ' . Both are possible (Mc-
Connell, 1973, p. 52) ; the former is sketched in Fig
ure 3. By contrast, the leached phosphate deposits 

show variable behavior. Uranium in the D Tree 
leached phosphorites appears to be only partly leached 
(Fig. 4B) and shows no correlation with other ele
ments, but at Wonarah it correlates with apatite 
(Figs.-3, 4B). In view of the fact that all other 
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components substituting for Ca have been leached or Wonarah is that uranium has also been leached and 
partly leached from the structure (Fig. 4) the pre- fixed in situ as a secondary mineral, perhaps autunite, 
ferred interpretation of the Ca-P-U correlation at Ca(U02)2 (P04)2 ' 10-12 H2O. Lead correlates 
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with uranium substituting in the apatite-stru<;ture;. at 
Sherrin Creek and 'with uranium within the leach 
group at Wonarah. 

There- is a trend in the absolute abundance of 
uraniurn with progressive leaching within the D Tree 
deposits but. not between deposits (Table 4) . Con
sidering the overall range arid mean conceritration 
(1-86 ppm and 2^ ppm) in all samples, the values 
are at tht. lower end of. the worldwide range, 50 to 
300 ppm, compiled by McKelvey (1956) and the 
range, 8 to 1,300 ppm, of Tooms et al. (1969). 

T/ion'«Mi • In unleached Sherrin Greek and D Tfee-
phpsphorites^ Th Gorrelates with apatite where it 

substitutes, for Ca. By contrast, Th in leached D 
Tree phosphorite* correlates with clays, but at Won
arah no affinity for other elements can be recognized. 

The range of thorii-im content of phosphorites from 
all areas is 2 to 28 ppm and their mean is 11 ppm 
(Table 4) , and; though these values are high com
pared to the world range of 1 to 5 ppm,quoted by. 
Wedepohl .(1969), they are within the range of 5 
to 100 ppm cjuoted by Tooms et al. (1969). The 
range of the Th /U in Georgina Basin phosphorites 
is 0.12 to Q.7 with a mean of 0.39, and this is much 
highej- than a worldwide 'average ratio of <0.1 

, (Wedepohl, 1969). . . ' ' 



TABLE:4. Range, Arithmetic Mean, and Normalized Concentrations of Elements Substituting in the Apatite Structure, 
Together with Leached Equivalentaand Other Values in the Georgina Basin 

Sherrin 
Greek D Tree 

Y99 ; (partly 
(unleached) (unleached) leached) 

Wonarah 

(leached) (leached) 

D Tree 

(replace^ 
ment) 

All 
analyses- Cook (1972) 

"Phoscrete"-
(replace* 

Mudstone ment) Pelletal 

Russell/ 
Trueman 

(1971) 

Pelletal 

Analyses (Tables. 1, 2) 
No. of samples 
PiGj, range % 
Mean/S.D. 

1-16 
16 
2:8-37,8 

25.0 (10.6) 

20-16 
7 

3.8^15.5 • 
8.'6 (4.2) 

39-45 
7 

.7.8-27.5 
19.9 (7.4) 

46-58 
13 

.14;4-27.9 
21.7 (4.S) 

27-34 
8 

17,3^30.9 
24,7 (4,7) 

35-38 
3-4 

37.6-39.5 
38.7 (1,0) 

:54~55 
2.8-39,5 

"22.4 (9.7)' 

24 
.7,8^39,1 

18.6 "(8,9) 
28.0-39,2 
35.3 (4.3) 

13 
33:7^37;4 
35.6 (1.2) 

36.5-38.8 

Uranium (ppni) . . (4)* ' (3) (3) 
Range 5-42 19-61 19-86 8-74 ' 1-53 18-45 .l-S'6 15-65 10-80 45^130 
Arith, tfteah/S,D. .25(10) 32(14) 47(27) 23(17) 21(16) 33(14) 28(18) 48(28) 43(35) 78(45) 
—normalized* 40 149 ^ 94 42 34 34 SO 103 49 88 

.0 

Thorium (ppm) 
Range 
Arith. mean/S.D. 
—;norma lized 
T h / U 

Lanthanum (ppm) 
Range 
Arith. mean/S.D. 
—̂ 110 rma lized 

Cerium (ppm) 
Range 
Arith, mean/S,D, 
—normalized 

Yttr ium (ppm) 
Rarige 
Arith, mean/S.D.-
—normalized -
Y/La 

12-27 
IS (S). 
29 

0,72 

39-148 
86 (26) 

138 

72-214 
97 (35) 

155 ' 

93-624 
313 (124) 

. 501 
. 3.6 

3-28 
12 (8) 
56 

0.38 

22-142 
• 58 (45) 
,270 

31-169 
80 (54) 

. 372 

36-482 
165 (178) 
767 

2.8 

5-16 
10 (4) 
20. 

0.21 

38^120 
73 (29) 

1*7 

48-114 
^84 (25) 
169 

60-461 
262 (135); 
527 
3.6 

2-14 
6.(3) 

11 
0,26 

1 

18-62 
37 (14): 
68 

13-88:: 
47 (23) 
87 ~ 

20-193 • 
76 (47) 

140 
2.1 

4-13 
•7 (3) 

11 
0,33 

24-48 
36- (9) 
58 

34^70 
51 (14) 
83 

42-336 
140 (98) 
227 
3.9 

2^8 
4 ( 4 ) 
•4. 

0.12 

5-26 
1:4 (11). 
14 

3-15 
• , 8 (6) 

S 

6-8 
7 (1) 

• 7 
0,5 : 

2-28 
1:1 (7) 
20 

0.39 

5-148 
57 (34) 

102 

3-214 
69f (40) 

123 

. 

6-624 
187 (ISO) 
334 
3.3 

— 
— 

(2) 
15-40 
28 (IS) 
60 

(2) . 
40-80 
60 (20) 

129 

10-300 
48 (67) 

103 
1.7 

— 
— 

(3) • 
2-4 
3 (1) 
3 

(3) 
6? 

— 
• — 

10-^200 
S3 (75) 
6 0 ' 
18 

— 
— 

,(3) 
200-300 
240 (60) 
258 

-(3) 
120^160 

, 140 (20) 
157 

200-1,500 
655 (335) 
736 
2.8 

— 
— 

— 
SOO 

— 
— 

— 
600 

t l 

^ 

> 

0 

0 
53 

i&t̂  
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TABLE 4.—(Cottlinued) 

• 

Barium (ppm) 
Range 
Arith, mean/S,D. 
—normalized 

Strontium (ppm) 
Range 
Adth . mean/S.D,, 
—normalized 

Sodium ( N a , 0 % ) 
Range 
Arith, mean/S.D. 
—normalized 

Sulfur (S0 ,%) 
Range 
Arith, mean/S.D. 
—normalized 

co,% 
Range 
Arith, mean/S .D. 
—normalized 

. Sherrin 
. Creek 

, 
(unleached) 

55-828 
423 (255) 
677 

54-312 
166 (58) 

' 266 

0.02-0.35 
0,21 (0.10) 
0,34 

0.10-1.0 
0.68 (0.30) 
1,1 

.0.55-3;0 
1,2 (0,7) 
1,9 

Y99 
(unleached) 

205-433 
301 (79) 

1,400 

42-227 
116 (68) 
540 

— 
— 
— 

0,06-0,28 
0.17 (0.07) 
0,79 

0;3O-O,92 
0,54 (0.22) 
2;S 

D Tree 

(pardy_ 
leached) 

194-533 
312 ( I I I ) 
627 • 

J9-230 
162 (SI) 
326 

0 ,11^.24 
0,19 (O.OS) 
0.38 

0,17-0,51 
0,38 (0,13) 
0,76' 

0.56-1,1 
0.86 (0.21) 
1.7' 

(leached) " 

129-514 
303 (144) 
559 " 

43-150 
76 (34) 

140 

0.01-0.20 
0.10 (0.06)-
0.18 

0,10-0,25 
0,16 (0,05) 
0,29 

0.50-1.1 
0.77 (0.21) 
1.4 

Wonarah 

(leached) 

95-186 
136 (33) • 
220 

46-218 
116 (52) 
188 

0.05-0.12 
. 0.08 (0.02) 

0.13 

0,15-0.27 
0;22 (0,04) 
0.36 

0,55-4,95 
0,74 (0,15) 
1,2 

. D Tree 

(replace
ment) 

5-80 
•42 (36) 
43 

50-81 
69 (13) 
71 

0,04-0,15 
0.09 (0,05) 
0.09 

0.12--0:26 
0.18 (0.06) 
0,19 

0,40-1,6 
1,1 (0,6) 
1,1 

All 
analyses 

5-828 
296 (196) 
529 

42-312 
123:: (62) 
220 

0,01-4),35 
0", 13. (0.08) 
0.23 

0.10-1.0 
0.35 (0.28) 
0.63 

0.30-1.6 
0,89 (0.44) 
1.6 

Mudstone 

100-800 • 
300 (200) 
645. 

10-200 
73, (48) 

157 

0,01-0.16 
0,06 (0,04) 
0.13 

— 
— 

(6) 
0,6-1.4 
0,8 (0.3) 
1.7 

Gook (1972) 

"Phoscrete" 
(replace

ment) 

S0-20O 
25 (52) 

142 

40-150 
98 (35) 

111 

0.01-0.17 
0.08 (0.06)' 
0,09 

— 
— 

(4) 
0,9-2,0 
1.2 (0.5) • 
1.4 

Pelletal 

50-500 
210 (40) , 
236 

100-800 
375 (205) 
421 

0.11-0.63 
0.24 (0.17) 
0,27 

— 
— 
— 

(3) 
1,3-2,0. 
1,7 (0,4) 
1.9 

Russell/ 
Trueman 

(1971) 

Pelletal 

— 
• — 

— 
275 

0,28-0,47 
0,36 (0,08) 

0.6-1.2 
0,9 (0,3) 

0,7-1.6 
1.1 (0,4). 

t^ 
ft) 
O 

'< 
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is 
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S 
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^ 
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ft! 

t l 
h i 
O 

^3 
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N.B, Dashes indicate no data available, 
* Data available only for 4 ot the 24 samples, 
' Arithmetic mean, recalculated fo 40% I'iOi. 
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)'tlriifm, lanthantttn, and cerititn: In the unleached 
Sherrin Creek and D Tree phosphorites, Y, La, and 
Ce correlate with apatite, where they substitute for 
Ca. However, approximately 80 percent of each ele
ment is leached from the system at D Tree (Table 
4), and the remainder, on the basis of random or 
negative correlations with apatite, is fixed in the 
leach group as an unidentified rare earth-bearing 
secondary mineral (Fig. 3) . Despite this extensive 
remobiliaation, Y/La, representing the ratio of heavy 
to light rare earth elements, remains constant in the 
range of 2 to 4, and no differential fractionation is 
evident. 

.Barium: The range of barium content of phos
phorites from all areas is 5 to 828 ppm and the mean 
296 ppm. Jt is contained in the apatite structure at 
Sherrin Creek in addition to its association with the 
heavy minerals, presumably as lithiophorite. In the 
Y99 and partly leached D Tree (39-45) samples, 
barium is partly leached from the apatite structure 
and displays a random correlation with all elements. 
However, in' the leached D Tree and 'Wonarah sam
ples it strongly correlates with clay fraction elements 

(Fig. 3). Fenner and Hagner (1967) have shown a 
correlation in shales between loarium concentration 
and the amount of illite present, due to cation ex
change. This association probably accounts for the 
fact that barium is leached from the system only to 
the extent of 60 jiercent as compared to substantially 
higher percentages for all other elements substituting 
for Ca in the apatite srtucture. 

Normalized mean concentrations,of barium in the 
unleached mudstone phosphorites of this study, 667 
and 1,400 ppm (Table 4) , are greater than the 645 
jipm quoted by Cook (1972) from elsewhere in the 
Georgina Basin and compare with the 1,000 ppm 
worldwide average of Tooms et al. (1969).. 

Strontium: In the unleached Sherrin Creek and D 
Tree phosphorites, Sr correlates with apatite. Mc
Arthur (1978) suggests that Sr is relatively mobile 
in relation to the apatite structure, and this is sup
ported by the normalized mean values at D Tree 
(Table 4) , which show that approximately 75 percent 
of Sr is leached from the system. "Values of Cook 
(1972) for nnidstone phosphorites from elsewhere 
in the basin are similarly low. This degree of mo
bility is also common • to U, Th, La, Ce, and Y 
(Table 6 ) . 

Sodium, sitljur, and COi: At Sherrin Creek and 
D Tree (Y99), sodium," sulfur, and CO2 substitute 
in the apatite structure, but elsewhere all three com
ponents illustrate either a.random or a negative cor
relation with apatite (Fig. 4A and C) . The leached 
components api>ear as an undetermined Na-SOs 
phase (Fig. 3) . 

The degree of leaching of components from the 
system is indicated in the data of Tables 4 and 6, 
where it can be seen that niore than (50 percent of 
SOa is removed from the system. However, from 
the smaller weight percent loss in the case of CO2. 
and the fact that it has a random correlation with 
apatite (rather than the negative relationship of 
NaiO and SO.1), it is evident that CO2 is far more 
strongly bound to the apatite structure than is either 
NasO or SO3. 

The removal of these components from the apatite 
structure requires the recrystallization of the mineral, 
something which has not been noted petrographically. 
In this study no systematic examination of samples 
vvas made with a scanning electron microscope, and 
the matter' requires further investigation. 

Leaching has had a marked effect on the atomic 
ratio N a . S (Fig. 5) . At Sherrin Creek the ratio, 
lies in the range of 1: 4 to 1:3, but, with differential 
leaching of the components elsewhere, the ratio varies , 
between 1: 4 and 1:1 at D Tree and between 1:4 
and 1 :2 at Wonarah. Coupling ST, Y , Ba, La, Ce, 
Th, and U with sodium, the ratios become 1:2 to 

^Sodium was not determined at D Tree (Y99). 
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TAHLE 5. Unil-Cell-Edge Lengths of the n-Axis of Apatite in 
the Georgina Basin Phosphorites 

This study 

Mean 
No. of a axis, A standard 

s.iniples (ine.Tn/S.C.) error, A 

Sherrin Creek 
(unle,iched) 

D T r e e 
(partly leached) 

D Tree 
(leached) 

Wonarah 
(leached) 

D T r e e 
(replacement) 

Cook (1972) 
Pelletal 
Nonpelletal 

9 

6 

9 

7 

2 

29 
27 

9.3519 (0.0057) 

9.3528 (0.0019) 

9.3520 (0.0080) 

9.3531 (0.0068) 

9.3556 (0.0030) 

9.3540 
9.3571 

0.0028 

0.0028 

0.0023 

0.0019 

0.0021 

Measured by X-ray diffractometer (Cu Ka radiation, 
graphite monochromator, Si internal standard, 0.25° 29 per 
min.), from 7 line profiles within the angular range 20° to 54° 
28. Lengths refined by least-.S(|uares computer program 
(Appleman, USGS) supplied by P. J . Cook. 

1: 1, but these are still high in terms of achieving 
the charge balance. The marked deficiency of Na in 
all samples of Georgina Basin phosphorites suggests 
that it has been very mobile even in the Sherrin 
Creek deposit. 

The sumary of the lengths of the a axes in the unit 
cells of apatite (au) in 33 phosphorites (Table 5) 
shows no significant difference between the mean 
length in leached and unleached phosphorites of this 
study or between those of pelletal and mudstone phos
phorites from elsewhere in the Georgina Basin 
(Cook, 1972). "\A'hen Ou is plotted against CO2 
(Fig. 6) , the data of this study show both lower CO2 
and a„ values. The Sherrin Creek samples demon
strate a well-defined trend, although its field is en
larged by samples 5 and 6 (Figs. 4C, 6) which con
tain traces of dolomite.* The distribution of the 
Wonarah values shows a similar trend to Sherrin 
Creek, but in the case of D Tree the relationship is 
rafidom. The interpretation of the data is uncertain, 
because CO2 is retained in the phosphorite samples 
as dolomite.' If it could be extracted, the D Tree and 
Wonarah samples would possibly illustrate a more 
scattered distribution than shown and depart still 
further from the CO2 : a„ worldwide trend illustrated 
by Smith and Lehr (1966) and Carlstrom (̂ in 
McConnell, 1973). The random relationship is inter
preted as an effect of leaching. 

^ Citrate extraction of phosphorites was not undertaken 
because it does not completely dissolve dolomite (Smith and 
Lehr, 1966, p. 345) and its leaching effect on trace elements is 
unknown. 

Hc.iivy mineral association 

The genesis and provenance of the metals con
tained in the siltstone-chert-limestone-phosphorite 
lithosome was discussed previously, as was their 
mineralogy. 

Rank correlation coefficients reveal a' consistent 
grouping of Fe-Mn-Ni-Zn in the phosphorites (Fig. 
3). In the unleached Sherrin Creek samples "V and 
Ba correlate here also, and it is possible that 'V is 
present as vanadiferous magnetite and the Ba as the 

9 32 934 936 

LENGTHo a i n , A 

936 

FIC. 6. Plot of a axis length for the unit cell versus C0« 
content of the apatite for the Sherrin Creek,' D Tree, and 
Wonarah phosphorites (within citrate extraction of carbon
ates) . The dashed-line field encloses the Sherrin Creek 
data which include the bulk and concentrate, pairs. The 

- circular field indicates a random distribution for the D Tree 
and Wonarah leached and partly leached phosphorites. Also 
plotted is the field for apatite in a worldwide sample of 
phosphorites (data of Smith and Lehr, 1966) and the trend 
for a series of "fibrous francolites" (D . Carlstrom, quoted 
by McConnell, 1973, p. 44) . 
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manganese phase, lithiophorite, which can contain 
0.5 to 8 percent BaO (Norrish, 1975). 

Clay association 

A preliminary study of the clay fraction of 100 
phosphorites, using the laboratory and determinative 
techniques of Brown (1961) and Thorez (1975), 
show that kaolinite, illite, smectite, and minor chlorite 
are present. 

Sherrin Creek phosphorites contain appreciably 
higher percentages of smectite and chlorite than does 
D Tree or Wonarah and show only minor variation 
in the proportions of the minerals quantified as kao
linite > smectite > illite » chlorite. At D Tree and 
Wonarah, smectite is subordinate or minor compared 
to illite,- and chlorite is not usually identifiable. At 
these two deposits-the proportions vary widely but 
are generally in the order kaolinite > illite » smec
tite. Unlike Sherrin Creek, where little variation 
occurs in the clay distribution in vertical section, 
samples from drill holes in the other deposits show 
considerable variation from kaolinite = illite to 100 
percent kaolinite. 

The changes in the proportion of clay minerals 
suggest that smectite and chlorite have been 
weathered to kaolinite. However, the study could 
not determine whether the changing proportions of 
kaolinite to illite arise from original differences dur
ing sedimentation, from Cenozoic weathering, or 
from Cambrian weathering during regressive periods. 

Figure 3 shows that the elements Al-K-Ti-Zr con
sistently group as clays, and that, with leaching of 
the phosphorites, Ba, Th, Ce, Ni, and Sr substitute 
for elements in the clay structures or are adsorbed 
onto clay surfaces. 

Discussion 

The technique used in this study to establish ele
ment substitution in the apatite structure was the 

recognition of positive correlations between trace 
elements and (3aO or PoO.r,. To obtain an acceptable 
linear relationship, samples were chosen which had 
the widest possible range of P20,^ values, namely 2.8 
to 39.5 percent. However, within the overall range, 
the availability of samples was such that values for 
some specific geographic areas fall at the bottom of 
the range, e.g., 3.8 to 15.5 at Y99; and others near 
the top, e.g., 17.3 to 30.9 at Wonarah. For this rea
son neither the range of values of minor elements nor 
their arithmetic n-ieans are significant for the purposes 
of making meaningful comparisons of concentration 
levels between petrological types, 'different deposits, 
or leached groups. For this reason, arithmetic means 
have been normalized to 40 percent P2O.5, that is, a 
value approaching the composition of a carbonate 
fluorapatite with no detrital contamination. 

Geochemical variations iti the phosphorites -

An unexpected outcome of this study was the 
recognition of the progressive leaching of the phos-

•phorit'e'deposits by-the likely-combination of'Cain--
brian and Cenozoic weathering. The progressive 
changes in the geochemistry of the apatite, clay, and 
leach group evident in Figures 3 and 4"is'quantified: 
in Table 4. The normalized values are represented 
in Table 6 together with ratios which indicate the 
degree of leaching and removal of elements on a 
weight percent basis. The only certain measure of 
leaching is the data presented in the within-deposit 
values of D Tree, where the composition of un
weathered mudstone phosphorites is assumed to have 
had little primary variation. The ratios of normal
ized values for the substituting elements indicate that 

"44 to 82 weight percent has been leached from the 
sediment. However, of the ten elements, six (U, Th, 
La, Ce, Y, and Sr) have been leached to the extent 
of 72 to 82 percent, two (SO., and Ba), 58 and 64 

TABLE 6. Comparisons of Normalized Element Concentrations in Leached Rocks Compared to Element Concentrations 
within the Apatite Structure in Unweathered Phosphorites 

U ppm 
Th " 

u '• Ce " 
Y " 
B a " • 
Sr " 
NajO percent 
SO. 
CO, 

Sherrin 
Creek 

(unleached) 

40 
29 

138 
155 
501 
677 
266 

0.34 
1.1 
1.9 

A 

Y99 

(unleached) 

149 
56 

270 
372 
767 

1,400 
540 
— 

0.79 
2.5 

B 

D T r e e 

(partly 
leached) 

94 
20 

147 
169 
527 
627 
326 

0.38 
0.76 
1.7 

C 

(leached) 

42 
11 " 
68 
87 

140 
599 
140 

0.18 
0.29 
1.4 

D 

Wonarah 

(leached) 

34 
11 
58 
83 

227 
220 
188 

0.13 
0.36 
1.2 

E 

Mudstones 

(Cook, 1972) 

103 
— 
60 

129 
103 
645 
157 

•0.13 
— 
1.7 

B/A • 

0.63 
0.36 
0.54 
0.45 
0.69 
0.45 
0.60 
— 

0.96 
0.68 

Ratio 

C/A 

0.28 
0.20 
0.25 
0.23 
0.18 
0.42 
0.26 
— 

0.36 
0.56 

D/A 

0.23 
0.20 . 

. 0.21 
0.22 
0.30 
0.16 
0.35 

. — 
0.46 
0.48 

E /A 

0.69 
— 

0.22 
0.35 
0.13 
0.46 
0.29 
— 
— 

0.68 
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U ppm 
Th •• 
La •• 
Ce " 
Y " 
Ba " 
Sr " 
N a , 0 percent 

- SO, 
CO, 

1 
Sherrin 
Creek 

40 
29 

138 
155 
501 
677 
266 

0.34 
1.1 
1.9 

2 
D T r e e ' 
(Y99) 

149 
56 

270 
372 
767 

1,400 
540 
— 

0.79 
2.5 

3 
D T r e e 

• (replacement) 

34 
4 

14 
8 
O.S 

43 
71 
0.09 
0.19 . 
1.1 

4 
Pelletal 

. (Cook, 1972) 

80 
— 

258 
157 
736 
236 
421 

0.27 
— 
1.9 

5 
D Tree (Y99)/ 
Sh 2rrin Creek 

3.7 
1.9 
2.0 
2.4 
1.5 
2.1 
2.0 
— 
0.7 
1.3 

6 
D Tree (Y99)/ 

Pelletal 

1.9 
— 
1.1 
2.4 
1.0 
5.9 
1.3 
— 
— 
1.3 

The pelletal phosphorite samples of Cook (1972) can be assumed to be leached to a varying but unknown degree. 

percent, respectively, and the least leached is CO2, 
46 percent. All of the elements show a random cor
relation with apatite, and positive interelement cor
relation within the leach group of the clay association 
(Fig. 3), suggesting that only a minor proportion of 
the residual concentration is contained in the apatite 
structure. 

In contrast to the D Tree data, seven of the ele
ments at Wonarah have negative correlations with 
apatite, and all have positive interelement correla
tions with the leach group or the clay association, 
suggesting that perhaps CO2 is the only significant 
component remaining in the apatite structure. As no 
unleached Wonarah samples are known, there is no 
standard by which leaching can be positively meas
ured. Figure 4B shows that there is a similarity of 
uranium concentration at Sherrin Creek (dashed 
line) and Wonarah, although this is not significant 
in the light of the leaching which has occurred. For 
instance. Table 6 shows that there is a striking resem
blance between the Wonarah concentrations and 
those of the D Tree leached suite; U, Th, La, and 
Ce are marginally lower, and only Y, Sr, and SOn 
are greater than at D Tree. If the original com
position of the Wonarah and D Tree suites were 
substantially different, it is now only evident in the 
higher concentration levels of Y, Ba, Sr, and SO3 at 
Wonarah. 

In considering the little-weathered phosphorites, 
the composition of their contained carbonate fluor
apatite,'as indicated by normalized structural con
centrations, may be a measure of the chemical com
position of the water at the time of their formation. 
In the case of the unweathered mudstone phos
phorites of Sherrin Creek and D Tree (Y99), Table 
7 (columns 1, 2, and 5) shows that their composi
tions are markedly different. The concentration 
levels of eight of the ten elements are greater at D 
Tree by factors of 1.3 (CO2) to 3.7 (U) , and only 
SO:, is less, by a factor of 0.70. The higher NajO 

and SOH concentrations at Sherrin Creek suggest 
that the Sherrin Creek embayment may have been 
more restricted and consequently had higher sea-
water salinities. .Alternatively, the lagoonal and 
estuarine environments at D Tree could be a reason 
for lower salinity conditions in a shallower system fed 
by streams. In either case the remaining eight trace 
elements substituting in the apatite structure are 
greater at D Tree (Y99) by a factor of approxi
mately 2, and these compositional differences are 
interpreted as differences in the composition of the 
water at the time of deposition. 

The analyses of 24 surface samples of mudstone 
phosphorites ("non-pelletal") of Cook (1972) are 
tabulated in Table 4 and compared to the Sherrin 
Creek and D Tree samples in Table 6. His samples 
came from five widely separated deposits along the 
eastern edge of the basin and, on the evidence pre
sented above, considerable variation in the primary 
concentrations of structural-substituting elements 
could be expected. However, the concentrations of 
all the elements, except uranium, are lower than 
those of Sherrin Creek, and five out of the eight ele
ments which Cook (1972) analyzed have values 
similar to or lower than the most intensely altered 
phosphorites at D Tree and Wonarah (Table 6) , It 
is likely, therefore, that Cook's suite is intensely 
leached, although the age of the weathering is uncer
tain. .Although the chemistry of his suite shows a 
likeness to the leached mudstone phosphorites of D 
Tree and Wonarah, it is strikingly dissimilar to the 
chemistry of lateritized pelletal phosphorite from 
Quita Creek, which he clearly demonstrated to be a 
Cenozoic residual concentration showing systematic 
increases in SiOo, Fe20.<i, MnO, HoO*, and base 
metals. 

A meaningful comparison of the geochemistry of 
the mudstone, replacement, and pelletal phosphorites 
requires that the specimen material be unweathered. 
Table 7 lists unweathered Sherrin Creek and D Tree 
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mudstone, unweathered D Tree replacement phos
phorites, and, in addition, normalized concentrations 
for thirteen of Cook's (1972) pelletal phosphorites 
whose state of weathering is uncertain.- Comparison 
of these analyses with those of unleached niudstone 
phosphorites of this study is difficult because of the 
geochemical variations which exist between the two 
reference areas, Sherrin Creek and D Tree (Y99), 
The pelletal phosphorites have similar Ce and CO2 
values to Sherrin Creek, and similar La, Y, and Sr 
values to D Tree. However, only Ba shows a con
sistent overall relationship, namely, that it is less in 
the pelletal phosphorite with respect to both of the 
unleached mudstone phosphorites. 

Cook (1972) referred to a Ce deficiency in the 
pelletal phosphorites and suggested that this indi
cated a normal marine environment during deposi
tion. However, although it is deficient compared to 
D Tree (Table 7) , it is similar to the content at 
Sherrin Creek and clearly a general case cannot be 
supported. In fact the La/Ce ratio 1.64 for the 
pelletal phosphorites, as compared to ratios of 0.89 
and 0.73 for Sherrin Creek and D Tree, suggests that 
the low Ce values may be the result of leaching. 
During weathering Ce""" is readily oxidized to Ce**, 
whereas La remains as La*'. As Ce*̂  is more 
readily leached than La*^, weathering produces high 
La/Ce rados. In this respect the pelletal phos
phorite analyses show similarity to the D Tree re
placement phosphorites which have a similar La/Ce 
ratio of 1.75. 

The composition of the white dense replacement 
phosphorite is very different from the other phos
phorite types. It is clear from the data in Tables 1, 
2, 4, and 7 that it is highly deficient in all minor and 
trace elements even when compared to the highly 
leached mudstone phosphorites at Wonarah. There 
is no detectable structural substitution. 

Summarizing the geochemical data for all phos
phorite types, it can be said that (1) the normalized 
values of elements substituting in the apatite struc
ture indicate that there were discrete differences in 
the chemistry of waters in different embayments, (2) 
the compositions of the pelletal phosphorites from 
elsewhere in the basin are randomly different from 
the mudstone phosphorites at Sherrin Creek and D 
Tree (Y99) and this may reflect a different geo
chemical environment, and (3) the white replace-
inent phosphorite is distinctly different geochemically 
and formed from waters depleted in minor and trace 
elements con-imon to the other types. 

Origin 

Weathering, crusts, and replacement phosphorite: 
The exposure of replacement phosphorite at D Tree 
has been referred to as phoscrete by Cook and by de 

Keyser (pers. commun.), and it is so recorded in the 
analytical data of Cook (1972). Some elucidation of 
the different terminology is necessary. Figure 4 
shows the field of four replacement phosphorites of 
this study together with the partial analyses of Cook's 
])hoscretes, and it is shown that they have similar 
compositions. Two questions arise. Are the two 
types of rock, which have identical compositions, 
formed by (a) the diagenetic replacement of lime
stones, by (b) the replacement of exposed limestones 
by surficial processes, or by (c) the weathering and 
concentration of a mudstone phosphorite? Did they 
form penecontemporaneously during Cambrian times 
or more recently? 

Large areas of .Australia are lateritized by weather
ing cycles which extend back to the early Cenozoic. 
Drilling shows that below the laterite cappings a 
pallid zone extends to depths of 100 m or more, the 
depth of weathering depending on the rock types, 
geology, and the resultant land form. Much of the 
laterite has been eroded along the eastern edge of 
the (jcorgina Basin leaving the pallid zone exposed. 
-Variation in the chemistry of a lateritized pelletal 
phosphorite capping has been demonstrated by Cook 
(1972)-, whereas the present study illustrates the pro
gressive leaching of mudstone phosphorite below the 
capping. Evidence presented earlier, however, shows 
that the mudstone phosphorite was also exposed to 
subaerial weathering during the Cambrian. At 
Galah Creek such weathering produced a ferruginous 
and manganiferous surface layer a few centimeters 
thick which is directly analogous to the Cenozoic 
laterite described by Cook (1972) in terms of pro
cess but not of intensity. 

Field observations and core from drill holes at D 
Tree show that neither enriched residual concentra
tions of phosphorites nor surficial replacement of 
phosphorites are developed from or in mudstones 
below erosion surfaces. 

It is only where phosphorite is high grade that 
"brain-type" dissolution surfaces become notable and 
white crusts up to 1 cm thick cover the outcrop, 
filling joint planes of the phosphorite and the rocks 
immediately beneath, including those of the Precam
brian basement. .Additionally, the crusts cement sur
face rubble adjacent to the outcrop. All evidence 
indicates that these crusts or phoscrete are Cenozoic 
to Recent in age and are forming today, as evidenced 
by the coating of rubble. Such phoscrete crusts can 
be seen capping high-grade mudstone phosphorite at 
Replacement Hill, Lady Annie, and nutnerous 
occurrences of high-grade pelletal phosphorite (de 
Keyser, 1969) and replacement phosphorite at D 
Tree. The occurrence at Ardmore, referred to by 
Cook (1972),' is not in contact vvith phosphorite and 
could be either residual surficial crust or replace-



GEORGINA BASIN PHOSPHORITE DEPOSITS 281 

ment phosphorite. In this paper and in Rogers and 
Keevers (1976) phoscrete refers to these minor 
crusts. 

By comparison, the phoscrete-crusted high-grade 
replacement phosphorites at D Tree and that at Lady 
Annie are substantial bodies which have formed by 
the replacement of carbonate rocks in Cambrian 
times. At D Tree the rocks are diagenetically re
placed micritic and calcarenitic limestones and dolo
mites. The favored depositional environment is a 
shallow depression to the east of an ill-defined north-
trending line of submerged basement hillocks (Fig. 
2a). Cross-bedded and scoured skeletal sands devel
oped in shoaling conditions over the basement high, 
and to the east burrowed micritic carbonates indicate 
a gradation to an intertidal mudbank environment. 
The total diagenetic replacement of these beds in such 
a small, restricted area and their geochemical im
poverishment suggest that the replacement was ef
fected by highly fractionated solutions derived from 
the surficial weathering of spatially related phos
phorites or phosphatic limestones which were being 
constantly fed into the depression' during deposition. 

In summary, replacement phosphorite at D Tree is 
of diagenetic origin and formed in Cambrian times. 
The replacement phosphorites at Lady Annie (Cook, 
1972) and Rogers and Keevers (1976) are contained 
in karst or collapse structures within the Thorntonia 
Limestone, and evidence suggests a postdiagenetic 
replacement of carbonate rocks during the Cam
brian. It is possible that replacement phosphorites 
formed in a range of Cambrian environments from 
surficial replacement to shallow-water diagenetic re
placement of carbonate rocks. Phoscrete on the other 
hand is a minor surficial solution and replacement 
effect on the surface of high-grade phosphorites dur
ing Cenozoic to Recent times. 

Literature and evidence of replacement origin: 
Excellent papers have been written on the origin of 
pelletal and mudstone phosphorites of the Georgina 
Basin as a whole by de Keyser and Cook (1972) and 
Cook (1972), on the Duchess deposit by Russell and 
Trueman (1971), oh the Lady Annie deposit by 
Rogers and Keevers (1976), and lastly a comparative 
study on Duchess and Lady Annie deposits was pro
duced by Fleming (1977). The last two papers have 
contributed much new data, especially Fleming 
(1977) who presented the sedimentary petrology of 
the facies, supporting his descriptions with pertinent 
photographic evidence. In the past the origin of the 
pellets which comprise the Georgina Basin pelletal 
phosphorites has been much debated, the frame of • 
reference being the only well-described deposit, 
Duchess (Russell and Trueman, 1971), until the re
cent papers. Although there was general agreement 
that the pellets were allochems, the question of their 

origin was left open. The size and degree of sorting 
of the pellets indicate that they were distributed by 
current transport, but their structureless form pro
vided no evidence'as to whether they were formed by 
replacement of carbonate pellets, diagenetic alteration 
of fecal pellets or the comminution of a precursor 
phosphorite hed. In his study, Fleming (1977) 
found that in the calcareous phosphorites at Duchess 
there were micritic pellets in all stages of replacement 
from unreplaced to completely phosphatized carbon
ate. He could also identify 5 to 10 percent of the 
pellets as feces, but the remainder were structureless. 
However, at Lady Annie where pelletal phosphorites 
are common, Rogers and Keevers (1976) and Flem
ing (1977) estimated that the pelletal phosphorites 
were composed of well-sorted sand-sized grains, 50 
percent or more of which were phosphatized skeletal 
fragments and the remainder featureless apatite. No 
fecal pellets could be recognized. In view of the fact 
that this is true also at D Tree where thin pelletal 
phosphorite beds are spatially related to thin beds of 
totally phosphatized coquina, it is but a small step to 
accept that all the pellets were derived from the com
minution of coquina and that the structureless pellets 
are skeletal grains which have been micritized by 
endolithic algae (Selley, 1976; Bathurst, 1971) prior 
to phosphatization. At D Tree the pelletal phos
phorite and the replacement phosphorite after coquina 
are wholly contained within mudstone phosphorite 
which formed in a subtidal lagoon and an estuary, 
both of which became very shallow during periods of 
sea-level fluctuations and developed marginal tidal 
flats. The coquinas are interpreted as having formed 
on banks or bars and the skeletal carbonate sands to 
have been derived from them during periodic, -but 
rare, times of high energy. The apparently non-
systematic distribution of pelletal phosphorite and 
phosphatized coquina is a measure of the changing 
environment as shoals migrated to and fro with tidal 
scour and perhaps were subjected to wave action. 
Core holes .show that some pelletal phosphorite beds 
are coincident with ferruginous outwash horizons, 
suggesting that a lowered sea level led not only to re
working of shell debris but also to an increased ter
rigenous input because of the lowering of the base 
level of erosion. 

The mudstone phosphorites show little evidence of 
their origin. Fleming (1977) recorded a single 
example of an algal structure in position of growth 
at Lady Annie and also an example of cross-bedding 
which he speculated might be algal laminae. Pro
gressive changes in the nature" of mudstone' phos-, 
phorite from Duchess through Lady Annie to D Tree 
ca:n be recognized. Thus at Duchess mudstone phos
phorite is minor and consists of 1- to 2-cm-thick 
high-grade finely laminated beds with abruptly undu-
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latory surfaces (Russell and Trueman, 1971; de 
Keyser, 1969), whereas at D Tree it consists of thick 
(1-15 m) medium-grade beds (19^0 P2O5) of 
microcrystalline carbonate fluorapatite set in a matrix 
of terrigenous silt. 

Single major-ion composition of interstitial waters 
can deviate significantly from sea-water composition 
(Atlas, 1975). It would be expected, therefore, that 
geochemical differences would be discernible between 
a primary carbonate fluorapatite precipitate and/or 
ones formed by an interstitial replacement process. 
However, they would presumably not be discernible 
if the replacement process were taking place pro
gressively at the sediment-water interface as carbon
ate mud was being deposited. Evidence to prove the 
origin of the nnidstone phosphorite as a chemical or 
biochemical precipitate versus one of progressive re
placement of iime muds during their depositions is 
lacking. However, it is logical that if bottom waters 
could replace all carbonates which are macroscopi-
cally and microscopically identifiable as fossil debris, 
then it follows that they could replace the carbonate 
muds in which they are interbedded. This was pointed 
out by Cook (1972) and Fleming (1977) and is the 
interpretation favored in this study. 

Source and synthesis of features: The source of 
the Georgina Basin phosphate has been much debated. 
Russell and Truenian (1971) proposed oceanic cur
rents as the source, but other authors, de Keyser 
(1969), de Keyser and Cook (1972), Cook (1972), 
Howard (1972), and Fleming (1977), believed that 
the shallow epicontinental sea and the depositional 
environments indicated by the sedimentary section 
leave no scope for applying the up-welling oceanic-
water hypothesis originally proposed by Kazakov 
(1937) and developed by modern workers. It is be
yond the scope of this paper to review phosphate 
genesis, which has been ably done by Gulbrandsen 
(1969), Bushinski (1966), Tooms et al. (1969), 
Burnett (1977), .Mlas (1975), and Cook (1976b). 
However, data on the phosphorite tjrpes of the 
Georgina Basin epicontinental sea are synthesized 
below for comparative purposes. 

1. Phosphate formed in restricted and shallow to 
very shallow water environments ranging from sub
tidal to intertidal. 

2. The contained faunas in different areas are very 
different in overall composition, and it appears that" 
they developed independently of each other (Flem
ing, 1977). In this study, the geochemical data indi
cate that there were discernible differences in the 
chemistry of the waters of these depressions. 

3. Outside of the restricted areas, phosphogenesis 
declined rapidly and ceased basinward, even though 
shallow open-marine conditions persisted. Figure 1 

illustrates the extent of phosphogenesis'" in a por-' 
tion of the basin systematically drilled during ex
ploration. Section A-A' (Fig. 1) from a restricted 
paleodepression containing phosphorites into the 
open basin, illustrates a change to phosphatic silt
stones and limestones with sharp tops and bottoms 
and a maximum known thickness of 43 m which pro
gressively feathers and tapers out to zero. 

4. Phosphogenesis was confined to a specific faunal 
time zone (Xystridura zone). 

Of key importance is the fact that ocean water -was 
probably near equilibrium or saturated relative to 
carbonate fluorapatite. That its concentration was 
small compared to carbonate, resulting in a dominant 
calcium carbonate and a subordinate apatite equi
librium, would be offset by specific local environ
mental conditions in terms of concentrating apatit-e 
(Gulbrandsen, 1969). These, for the deposits under 
study, would be the constant addition of phosphate 
to the water from streams (Bushinski, 1964; Yous-
sef, 1965) into coastal lagoons and estuaries, leading 
to inorganic precipitation or the replacement of car
bonate debris at the sediment-water interface as dis
tinct from interstitial water. In the latter case, re
placement of carbonate by apatite ceases once the 
pore solution becomes saturated in both phases. 
Without a mechanism for recirculating the pore 
water, complete phosphatization of carbonate coiild 
take place only where it comprises but a few percent, 
of the sediment, as demonstrated by the studies of 
D'Anglejan (1968) and Manheim et al. (1975). 
The same limitations apply to the replacement of car
bonate debris at the sediment-water interface during 
sedimentation unless a high concentration of phos
phate is maintained in respect to CaCOs. 

The favored interpretation to account for the four 
characteristic features of the Georgina Basin phos
phorites enumerated above is that there was a set of 
circumstances which coincided to form a phosphate 
"pump." These were normal sea water saturated in 
carbonate fluorapatite but supplemented by phos
phate from coastal streams in areas of lagoons, estu
aries, or more open but restricted embayments, and 
a rapid concentrating mechanism which could 
maintain a high bottom-water concentration. It is 
favored that the concentrating agent was a prolific 
phytoplankton population which on death sank and 
released phosphate in the oxidizing, environment at 
the sediment-water interface. This and other hy
potheses proposed as concentrating mechanisms are 
ably reviewed by Trudinger (1976). 

It is not suggested that this model of diagenetic 
replacement by phosphorus of coquinas, carbonate 
sands, and muds at the sediment-water ihterface is 

1'' As determined from analytical data of tens of thousands 
of samples. 

Jl 
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necessarily applicable to all phosphorite types in all 
Georgina Basin deposits. Progressive changes can 
be recognized in the relative proportions of the phos
phorite types and in their petrology, in the order of 
Duchess, Lady Annie, and the group under study in 
this paper, namely, D Tree, Wonarah, and Sherrin 
Creek. These changes coincide with progressive 
changes in the depositional environment and ppssibly 
changes in the mechanism of formation. 
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